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ABSTRACT 

The   Nat iona l   Aeronaut ics   and   Space   Adminis t ra t ion  i s  conduct ing   an  
e v a l u a t i o n  of candida te   Brayton-cyc le   tu rbomachinery   conf igura t ions .  
A s  p a r t  of  t h i s   p r o g r a m ,   P r a t t  & Whitney Ai rc ra f t   has   des igned  a 
t u r b o a l t e r n a t o r   i n c o r p o r a t i n g  a t w o - s t a g e   a x i a l - f l o w   t u r b i n e   d r i v i n g  
an   i nduc to r   a l t e rna to r   suppor t ed  on g a s   b e a r i n g s .  The g a s   b e a r i n g s  
w e r e   d e s i g n e d   a n d   s u c c e s s f u l l y   t e s t e d   i n  a gas  bearing  dynamic  simu- 
l a t o r  by Mechanical   Technology  Incorporated.   Test ing  of   the  s imula-  
t o r   u n d e r   f u l l   e l e c t r i c a l   l o a d   a n d   u n d e r   c e r t a i n   e l e c t r i c a l   f a u l t  
c o n d i t i o n s   i n d i c a t e d   s a t i s f a c t o r y   o p e r a t i o n   o f   t h e   r o t o r   s y s t e m .  
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FOREWORD 

The research  described  herein was  conducted by Mechanical Technology 
Incorporated  under  subcontract  to  Pratt & Whitney Aircraft, Division of United 
Aircraft  Corporation (NASA Contract NAS 3-6013). The  project was  managed 
by Mr.  Henry B. Tryon, Space  Power Systems Division, NASA-Lewis 
Research  Center. The report was originally  issued as Pratt & Whitney 
PWA-3070, volume 2 (Mechanical Technology Incorporated MTI-67TR29). 
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SUMMARY 

A gas -bea r ing   ro to r   suppor t   sys t em  has   been   des igned ,   f ab r i ca t ed ,   and   t e s t ed  by 

Mechanica l   Technology  Incorpora ted   for   the  NASA Brayton-cyc le   ax ia l - f  low turbo-  

a l t e r n a t o r   d e v e l o p e d   b y   P r a t t  & Whitney   Ai rcraf t   under   p r ime  cont rac t   f rom 

t h e  VASA-Lewis Research  Center .  (A c r o s s - s e c t i o n  view o f   t h e   t u r b o a l t e r n a t o r  i s  

shown i n   F i g u r e  1.) The  gas-bearing  system was e x p e r i m e n t a l l y   e v a l u a t e d   i n  a 

f u l l - s c a l e   r o t o r - b e a r i n g   s y s t e m  test  r i g  which 

1. e x a c t l y   s i m u l a t e d   t h e   d e s i g n   o f   t h e   t u r b o a l t e r n a t o r   b e a r i n g s ,  

2 .  ve ry   c lose ly   s imu la t ed   t he   mechan ica l   con f igu ra t ion   and   phys i ca l  

parameters  of  t h e   t u r b o a l t e r n a t o r   r o t o r   ( t h e   a c t u a l   t u r b o a l t e r n a t o r  

t u r b i n e  was not ,   however ,   used) ,   and 

3 .  permi t t ed   t e s t ing   o f   t he   ro to r -bea r ing   sys t em  unde r   ope ra t ing  

c o n d i t i o n s ,   i n c l u d i n g   g e n e r a t i o n   o f   r a t e d   e l e c t r i c a l   p o w e r ,   s i m i l a r  

t o   t h o s e   w h i c h   w o u l d   e x i s t   i n   t h e   t u r b o a l t e r n a t o r   ( t u r b i n e   i n l e t  

temperature,   however,  was no t   s imu la t ed ) .  

I n  a d d i t i o n   t o   t h e   e x p e r i m e n t a l   e v a l u a t i o n ,   a n a l y s e s  were performed  and  computer 

p rograms   wr i t t en   wh ich   pe rmi t   quan t i t a t ive   de t e rmina t ion   o f   ro to r -bea r ing   sys t em 

r e s p o n s e   a n d   s t a b i l i t y   u n d e r   c o n d i t i o n s  of  e l e c t r i c a l  power genera t ion   where in  

t h e   r o t o r  i s  s u b j e c t e d   t o  dynamic e l e c t r o m a g n e t i c   f o r c e s .   T h e s e   f o r c e s   e x i s t  

when t h e   r o t o r  i s  m e c h a n i c a l l y   e c c e n t r i c   i n   t h e   a l t e r n a t o r   a i r   g a p .  

The bea r ing   sys t em  pe r fo rmed   s a t i s f ac to r i ly   t h roughou t   t he  t e s t  program  and 

success fu l ly   pas sed   t he   r equ i r ed  P & WA acceptance  t e s t s .  Opera t ion   o f   t he  

bea r ings  was not   impai red  ( i . e . ,  t h e r e  was no r u p t u r e  of t h e   g a s   f i l m )  by a n  

ex tens ive   t u rb ine   l aby r in th   rub   wh ich   occu r red  when tes t ing   under   ex t reme 

c o n d i t i o n s   o f   r o t o r   e c c e n t r i c i t y .  A t  t h e s e   e x t r e m e   e c c e n t r i c i t i e s ,   a p p r o x i -  

mately 4 m i l s  a t   t h e   a l t e r n a t o r   p o l e   p l a n e s ,   t h e   b e a r i n g s   c o u l d   s a f e l y   c a r r y  

the   combined   l oads   due   t o   a l t e rna to r   e l ec t romagne t i c   fo rces  and r o t o r   w e i g h t .  

F i n a l l y ,   s a t i s f a c t o r y   o p e r a t i o n  was demonstrated  over a very  wide  range  of 

j o u r n a l   b e a r i n g   c l e a r a n c e s   ( u p   t o   e s s e n t i a l l y   z e r o   p r e l o a d )   w i t h o u t   a n y  

e v i d e n c e   o f   r o t o r   w h i r l .  



Instability of one pad was  observed  at  the  zero  preload  condition,  but  even  in 

this  case  there  was  no  rupture of the  bearing  gas  film. In actual  operation,  the 

bearing  preloads will  range  between 0.3 and 0.6 and  the  pad  instability  mode will 

never be encountered. 

Development  of a reliable  turboalternator  gas-bearing  system  has  been  achieved  for 

the  conditions  imposed by  the  design  specifications,  as well as  for additional 

conditions  imposed  during  simulator  testing.  The  system  has  been  proven  to  be 

sufficiently  rugged  and  tolerant  of  variations  from  design  point  to  give  confidence 

that  turboalternator  performance will  be fully  satisfactory  under  static  environ- 

mental  conditions.  It  remains,  however,  to  demonstrate  the  overall  reliability 

of this  system  under  actual  thermal  conditions  of  turboalternator  operation,  as 

well  as  under  the  short  and  long  term  environmental  conditions  which  will  exist 

during a space-system  mission. 
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Fig. 1 Brayton Cycle Turboalternator 
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I. INTRODUCTION 

Mechanical  Technology  Incorporated (MTI), under  subcontract  to  Pratt & Whitney 

Aircraft (P&WA), has  cooperated in the  design  and  development  of an axial-flow 

turboalternator  employing  gas-lubricated  bearings  for  the  Lewis  Research  Center 

of  the  National Space and  Aeronautics  Administration  (NASA-Lewis). More 

specifically, MTI's participation  in  this  program  has  been  in  the  following 

areas : 

1. 

2 .  

3. 

4 .  

5 .  

design of  a  gas-bearing  system  for the  turboalternator; 

test  evaluation  of :he complete  gas-bearing  system  under  non-power 

generating  conditions,  in  a  rotor-bearing  test  machine  which  closely 

simulated  most  of  the  turboalternator  mechanical  parameters  and 

operating conditions; 

analysis  of  the  rotor-bearing  system  stability  and  response  to  the 

alternator  electromagnetic  forces; 

test  evaluation  of  the  complete  gas-bearing  system  under  power  generating 

conditions, in a  rotor-bearing  test machine  which  closely  simulated 

most  of  the  turboalternator  mechanical  and  electrical  parameters  and 

operating  conditions; 

manufacture  of  the  bearing  parts  for  the  delivery  turboalternators. 

The  development of a  gas-bearing-supported  turboalternator  is  a  further  significant 

advance  in  the  technology  required  for  closed-system  Brayton-cycle  power  plants. 

The advance  removes  the  previously  expressed  uncertainty  concerning  the  response 

and  stability of the  rotor-bearing  system  to  alternator  electromagnetic  forces. 

The program  has  also  resulted in  the  development  of  analytical  procedures, 

computer  programs  and  design  tools which  contribute to  the  understanding  of the 

problems  and  which will facilitate  the  engineering  and  design  of  future  systems. 

The  most  noteworthy  attribute  of  gas  lubrication  for  the  present  turboalternator 

application  is  simplicity.  In  a  conventional  gas  turbine,  the  rotating  system  is 

supported on oil-lubricated  bearings  (fluid  film  or  rolling  element). However, 
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for   c losed-sys tem  opera t ion   where   the  same gas  i s  c o n t i n u o u s l y   c i r c u l a t e d ,  means 

must   be   p rovided   to   ensure   tha t   the   o i l   cannot   contaminate   the   gas   s t ream.   Leakage  

o f   o i l   i n t o   t h i s   s t r e a m  would u l t i m a t e l y   d e g r a d e  power p l an t   pe r fo rmance   t o   an  

u n a c c e p t a b l e   l e v e l   d u e   t o   f o u l i n g   o f   c r i t i c a l   h e a t   e x c h a n g e r   p a r t s   a n d   b u i l d -  

up of   decomposi t ion  products .  

To p r e v e n t   c o n t a m i n a t i o n   r o t a t i n g   s e a l   s y s t e m s   m u s t   b e   u s e d   t o   i s o l a t e   t h e   o i l   f r o m  

the   cyc le   gas .   Aux i l i a ry   equ ipmen t   i n   t he   fo rm o r  o i l  pumps, scavenging pumps, 

o i l - g a s   s e p a r a t o r s ,   r e s e r v o i r s ,   a n d   p o s s i b l y   c o o l e r s   a n d   a d s o r b e r s ,  i s  a l s o  

r e q u i r e d .  To obtain  long-term  non-degrading  performance  f rom  an  oi l - lubricated,  

c losed -cyc le  power p l a n t  may be a p r o b l e m ,   p a r t l c t ~ l a r l y   i f   t h e   p l a n t  must  be 

capable   o f   repea ted   s ta r t -ups   and   shutdowns .  

I n  a gas -bea r ing   mach ine ,   t he   ro t a t ing   sys t em i s  suppor ted  on a f i l m  o f  g a s .  

Recent   developments   of   motor-dr iven  gas-bear ing  compressors   and  c i rculators ,  

which  have  joint ly   accumulated  over  67,000 h o u r s   o f   f i e l d   o p e r a t i o n ,   h a v e   c r e a t e d  

an   unde r s t andab le   impe tus   t o   app ly   gas -bea r ings   t o   c lo sed - sys t em  gas   t u rb ine  

machinery 1 1  j ? ~ .  By u t i l i z i n g   c y c l e   g a s   f o r   t h e   b e a r i n g   s y s t e m   l u b r i c a n t ,   t h e  

contaminat ion   problem  and   auxi l ia ry   equipment   requi rements   for   the   c losed   Brayton  

cyc le ,   a s   men t ioned   above ,   can   be   e l imina ted .  The p o t e n t i a l   a b i l i t y   o f  a we l l -  

des igned   gas - lub r i ca t ed   t u rbomach ine   t o   ope ra t e   r e l i ab ly   fo r   l ong   pe r iods   o f  time 

w i t h   r e p e a t e d   s t a r t - u p s  and   shutdowns   should   therefore   be   qu i te   h igh .  

" 

- 

A s  i n   a l l  new technologies ,   p roblem  a reas  do e x i s t   i n   t h e   d e s i g n  and a p p l i c a t i o n  

of g a s   b e a r i n g s .  The   comple te   l ack   o f   boundary   lubr ica t ion   in   the   event  o f  an 

acc identa l   h igh-speed   bear ing   rub  i s  p robab ly   t he   mos t   c r i t i ca l   p rob lem  a rea  in 

t h e   p r a c t i c a l   a p p l i c a t i o n   o f   g a s - b e a r i n g   t u r b o m a c h i n e r y .  Such rubs  may occur  

due t o   p a s s a g e  of d i r t   t h r o u g h   t h e   b e a r i n g s ,   v i b r a t i o n   a n d   s h o c k   l o a d s ,  o r  improper 

ope ra t ion   o f   t he   mach ine .   The   so lu t ion   t o   t h i s   boundary   l ub r i ca t ion   p rob lem i s  

t o   o b t a i n   b e a r i n g   s u r f a c i n g   m a t e r i a l s   w h i c h   a r e   c a p a b l e   o f   s u r v i v i n g  many dry   rubs  

wi th   negl ig ib le   wear   o r   per formance   degrada t ion .  A second  inherent   problem  area 

which i s  common t o   s e l f - a c t i n g   b e a r i n g s ,   t h e   t y p e  of bea r ings   u sed   i n  t h e  tu rbo-  

* Numbers i n   b r a c k e t s   r e f e r   t o   s i m i l a r l y  numbered r e f e r e n c e s   l i s t e d  on  page 345.  
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alternator, is that  of  low  load  capacity. The load  capacity in  a self- 

acting  bearing is, €or  all  practical  purposes,  limited  to  several  pounds  per 

square  inch  of  projected  bearing  area.  Finally,  gas  bearings  have  very  low 

damping  capability,  and  hence are prone  to  rotor  dynamic  and  rotor-bearing 

stability  problems. The limitations  of  low  load  capacity,  absence  of  boundary 

lubrication,  and  low  damping,  imposes  several new and  stringent  requirements on 

rotor  dynamics  design. Close  attention to  these  requirements  at all  times, and 

particularly  during  the  early  conceptual  and  design-  phases,  is  vital  to  the 

successful  development  of  gas-lubricated  turbomachinery. 

The  requirements  for  the  turboalternator  bearing  system  (described  in  Section 11 

of  this  report)  necessitated a  number  of  advancements  in  the  technology  of  gas- 

bearing  design  and  application. To obtain  maximum  assurance  of  a  successful 

development,  the  following  engineering  philosophy was used  throughout  the  program. 

1. Make  maximum  use  of  existing  gas-bearing  design  technology  and  operational 

experience  with  respect to  (a) selection  of  types  of  bearings  to  be 

used  and (b) selection  of  basic  design  criteria  for  these  bearing  types. 

2. Conduct  component  and  subsystem  test  programs in  critical  areas  where 

existing  technology  and/or  operational  experience was either  non-existent 

or  inadequate  to  permit  quantitative  evaluation  of  design  concepts. Two 

such  test  programs were conducted. The first was the  evaluation  of a 

complete  rotor-bearing  system  under  actual  operating  conditions  but 

without  alternator  electromagnetic  forces. The second was  evaluation  of 

the  complete  rotor-bearing  system  under  actual  operating  conditions 

including  alternator  electromagnetic  forces.  The  latter  program 

utilized  the  prototype  turboalternator  rotor  and  stator  developed  by 

the General  Electric  Company [ Z ] .  Full  electrical  power  was  generated 

during  the  course  of  the  tests. 

3. Maintain  very  cLose  liaison  with P&WA during  the  design  phase  to  ensure 

that all aerodynamic,  thermodynamic,  and  mechanical  interactions  and 

interfaces  were  properly  identified  and  evaluated. In particular,  the 

areas of aerodynamic  thrust  and  radial loads,  rotor  design,  heat  transfer 

design,  casing  design,  instrumentation  provisions,  balancing  techniques, 

and  assembly  procedures, were integrated  very  closely  with  the P&WA 

design  effort. 
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One set of  bearing  components was used  during  the  test  phases  of  the  two programs--- 

a  total  of  approximately 100 hours of operation  being  accumulated. The  basic 

bearing  system  consists  of  pivoted-pad  self-acting  journal  bearings  (with  provisions 

for  external  pressurization  of  the  bearings  during  start-up  and  shutdown),  a 

spiral-grooved  self-acting  unidirectional  thrust  bearing  for normal  operation,  and 

a  bi-directional  externally-pressurized  thrust  bearing  for use during  start-up 

and  shutdown. The design  permitted  the use of a  single thrust  runner  for  both  the 

self-acting  and  pressurized  thrust  bearings. 

The design  of  the  bearing  system  was  based  upon  design  criteria  which, on the  basis 

of  past  experience,  gave  maximum  assurance  of  successful  development.  This 

design  is  described  in  Section I1 of  the  report. The  system,  which  was  tested 

in a  rotor-bearing simulator,  successfully  passed the P&WA acceptance  test  as 

described in  Section IV. 

Having  demonstrated  the  suitability  of  the  rotor-bearing  system in the  simulator, 

it was  then  required  to  ascertain  the  effect  of  alternator  electromagnetic  forces 

on the  rotor  bearing  system.  This was accomplished in two  phases. A theoretical 

analysis  was  performed,  as  described in Section V of  this  report,  to  assess  the 

effects  of  alternator  electromagnetic  forces on rotor-bearing  system  response 

and  stability. The rotor-bearing  system was  then  retested  using  a  modified 

simulator  which  incorporated  the  actual  turboalternator  rotor  and  stator.  During 

the  course  of  these  tests  the  alternator  developed  the  full  power  requirement  of 

12 KW and was  also  subjected  to  all  of  the  specified  short  circuit  and  unbalanced 

electrical  load  conditions,  Section VI1 presents  the  actual  test  and  performance 
data  for  the  bearing  system  when  subjected  to  alternator  electromagnetic  forces. 

The analytical  and  test  phases  of  this  program  also  included  the  effect  of 

increasing  the  journal  bearing  clearance  to  achieve  a  reduction  in  the  bearing 

friction  loss. 

The test  program was  successfully  completed  for  all  of  the  operating  conditions 1 

specified. The dynamic  performance  of  the  rotor-bearing  system,  when  subjected 

to  alternator  electromagnetic  forces,  was  as  predicted  by  analysis. The static 

electromagnetic  forces,  however,  were  found to be considerably  less  than  those 

originally  calculated  by  the  alternator  manufacturer. A detailed  listing  of 

conclusions  and  recommendations  is  given in Section VIII. 
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11. DESIGN OF THE TURBOALTERNATOR BEARING SYSTEM 

As mentioned i n   t h e   p r e c e e d i n g   s e c t i o n   o f   t h i s   r e p o r t ,   t h e   b e a r i n g   s y s t e m   d e s i g n e d  

f o r   t h e   t u r b o a l t e r n a t o r  was b u i l t  a n d   t e s t e d   i n  a ro tor -bear ing   s imula tor .  The 

tests were conducted i n  two s e p a r a t e   p h a s e s ,   t h e   f i r s t   o f   w h i c h   i n v o l v e d   e v a l u a -  

t i o n   o f   t h e   r o t o r - b e a r i n g   s y s t e m   i n  a s imula to r   unde r  a l l  o f   t he   cond i t ions   o f  

t u r b o a l t e r n a t o r   o p e r a t i o n   e x c e p t   t h e   g e n e r a t i o n   o f  e lec t r ica l  power and  temperature  

d i s t r i b u t i o n .  The second  phase ,   which   requi red   cons iderable   modi f ica t ions   to   the  

s imula tor ,   involved  test eva lua t ion   o f   t he   ro to r -bea r ing   sys t em  wh i l e   gene ra t ing  

e l e c t r i c a l  power and, a l s o ,  w h i l e   s u b j e c t   t o   v a r i o u s   e l e c t r i c a l   u n b a l a n c e d   l o a d  

and s h o r t   c i r c u i t   c o n d i t i o n s .   T h i s   s e c o n d   p h a s e ,   l i k e   t h e   f i r s t ,   d i d   n o t   i n c l u d e  

t u r b o a l t e r n a t o r   t e m p e r a t u r e   d i s t r i b u t i o n s .  

The des ign   o f   t he   bea r ing   sys t em w a s  based ,   whenever   poss ib le ,  upon t r i e d  and 

proven   s ta te -of - the-ar t   des ign  cr i ter ia ,  so as t o   g i v e  maximum assurance   o f  

s u c c e s s f u l   o p e r a t i o n  a t  the   onse t   o f   the   p rogram.   Dur ing   the   course   o f   the  

second test phase,   which  used  the same b e a r i n g   p a r t s  as t h e   f i r s t   p h a s e ,   c e r t a i n  

of t h e s e   d e s i g n  cr i ter ia  were r e f i n e d   t o  more c l o s e l y   t a i l o r   t h e   b e a r i n g   d e s i g n  

t o   t h e   n e e d s   o f  a dynamic  space-power  system.  These  extensions were i n   t h e  

d i r e c t i o n   o f   m i n i m i z i n g   t h e   m a c h i n e r y   p a r a s i t i c   l o s s e s   w h i l e   m a i n t a i n i n g   t h e  

dynamic i n t e g r i t y   o f   t h e   r o t o r   b e a r i n g   s y s t e m .  

The f o l l o w i n g   d e s i g n   i n f o r m a t i o n   c o n c e r n i n g   t h e   b e a r i n g   s y s t e m   r e l a t e s   t o   t h e  

o r ig ina l   des ign   wh ich  was shown by t e s t  t o   b e   s u i t a b l e   f o r   o p e r a t i o n   i n   t h e  

t u r b o a l t e r n a t o r   u n d e r   t h e   c o n d i t i o n s   s p e c i f i e d .  

Opera t ing   Condi t ions   and   Des ign   Spec i f ica t ions  

A t  t h e  commencement of  t he   p rog ram  the   bas i c   ope ra t ing   cond i t ions   and   des ign  

s p e c i f i c a t i o n s  were de f ined  as fo l lows :  

"Hydrodynamic j o u r n a l  and t h r u s t   g a s   b e a r i n g s  are r e q u i r e d   f o r   t h e   t u r b o a l t e r n a t o r  

package .   These   bear ings   sha l l   have  as d e s i g n   o b j e c t i v e s  a l i f e  of 10,000 hours  

u n d e r   t h e   e n v i r o n m e n t a l   c o n d i t i o n s   s p e c i f i e d   i n  NASA S p e c i f i c a t i o n  POO55-1 and 
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m u l t i p l e  restart c a p a b i l i t y   f o r   g r o u n d  test and  prelaunch  checkout.  The gas  

b e a r i n g s   s h a l l   b e   d e s i g n e d   t o   u s e   d e s i g n   p o i n t   c o m p r e s s o r   d i s c h a r g e   a r g o n   g a s  

a t  approximately  800 R ,  and a p r e s s u r e  of 1 3 . 8   p s i a   w i t h  some degree  of   perfonn-  

ance  margin.  Also, i n   t h e   e v e n t   t h a t   n o   m a j o r   p e r f o r m a n c e   p e n a l t y   o r   m e c h a n i c a l  

compromise is i n c u r r e d ,   t h e   g a s   j o u r n a l   a n d   t h r u s t   b e a r i n g s   s h a l l   b e   d e s i g n e d   t o  

p e r m i t   t h e i r   o p e r a t i o n   w i t h   a r g o n   s u p p l i e d  a t  6 .1   p s i a   and  800°R. The  design 

s h a l l   p r o v i d e   f o r   o p e r a t i o n   o f   t h e   u n i t   b o t h   i n   t h e   h o r i z o n t a l  and v e r t i c a l  

p o s i t i o n s   w i t h   t h e   a l t e r n a t o r   f a c i n g   e i t h e r  up o r  down. The u s e   o f   a n   a u x i l i a r y  

h igh   p re s su re   a rgon   sou rce  may b e   c o n s i d e r e d   f o r   m u l t i p l e   h y d r o s t a t i c   l i f t - o f f ,  

s tart ,  and  shutdown." 

0 

D u r i n g   t h e   f i r s t   s e v e r a l  months of the   tu rboa l te rna tor   deve lopment   p rogram,  

numerous   aerodynamic ,   ro tor -dynamic ,   bear ing   s iz ing ,   and   hea t - t ransfer   des ign  

s t u d i e s  were made. D u r i n g   t h i s   p e r i o d ,   f r e q u e n t   d e s i g n   r e v i e w   m e e t i n g s ,   j o i n t l y  

a t t ended  by P&WA and M T I ,  were h e l d   t o   e v a l u a t e   t h e   s t u d i e s  and t o   b e   c e r t a i n  

t h a t  a l l  i n t e r a c t i o n s   b e t w e e n   t h e   v a r i o u s   e n g i n e e r i n g   d i s c i p l i n e s  were be ing  

p rope r ly   accoun ted   fo r  and p rope r ly   we ighed   w i th   r e spec t   t o   ob ta in ing   t he   bes t  

o v e r a l l   i n t e g r a t e d   d e s i g n   o f   t h e   t u r b o a l t e r n a t o r .  The s e l e c t i o n  of r o t o r   s p e e d ,  

and t o  a c o n s i d e r a b l e   e x t e n t   r o t o r  mass, was d i c t a t e d  by t h e   d e s i g n  of t h e  

a l t e r n a t o r   w h i c h ,   b e i n g  a 4 pole   machine,   must   be  operated a t  a speed  of 12,000 

rpm t o   g e n e r a t e   t h e  400 c y c l e  power r equ i r ed  by t h e   t u r b o a l t e r n a t o r   s p e c i f i c a t i o n s .  

As a r e s u l t   o f   t h i s   a p p r o a c h ,   t h e   f o l l o w i n g  se t  of   more   spec i f ic   bear ing   sys tem 

o p e r a t i n g   c o n d i t i o n s  were quickly  evolved as be ing   reasonable   f rom  ro tor -bear ing ,  

aerodynamic   and   a l te rna tor   sys tem  s tandpoin ts .  

Design  Speed - 

Overspeed - 

Rotor mass - 

B e a r i n g   l u b r i c a n t  - 
( sys t em  f lu id )  

Bearing  ambient  - 
p r e s s u r e  (minimum) 

Bearing  ambient - 
p r e s s u r e   ( d e s i g n   p o i n t )  

12,000 RPM 

14,400 R P M  

54.5 l b  

Argon 

6 PSIA 

10.5 PSIA (Bearing No. 1 ) *  
12.0 PSIA (Bearing No. 2) *  
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Maximum o p e r a t i n g  
t h r u s t   l o a d  

Range of m a x i m u m  
t h r u s t   l o a d  a t  
s t a r t - u p  

85 l b .  main  (rearward) 
t h r u s t  

100  Ib .  r e v e r s e   t h r u s t  ** 
250 l b .  r e a r w a r d   t h r u s t  ** 

* The jou rna l   bea r ing   ad jacen t   t o   t he   t u rb ine   whee l   and   t he   t h rus t   runne r  are 

d e s c r i b e d   a s   t h e  No. 1 and No. 2 b e a r i n g s   r e s p e c t i v e l y .  

** The t e r m i n o l o g y   u s e d   t o   d e s c r i b e   e a c h   o f   t h e   t h r u s t   b e a r i n g s  i s  derived  from 

cons ide ra t ion   o f   t he   d i r ec t ion   o f   t he   t h rus t   fo rce .   Consequen t ly ,  a rearward 

t h r u s t   l o a d  is  a f o r c e   d i r e c t e d   f r o m   t h e   t u r b i n e   t o w a r d s   t h e   a l t e r n a t o r .  

This  is  t h e   d i r e c t i o n   o f   t h e   t h r u s t   f o r c e   u n d e r   n o r m a l   c o n d i t i o n s   o f   o p e r a t i o n  

w i t h   t h e   t u r b o a l t e r n a t o r   h o r i z o n t a l   o r ,   a l t e r n a t i v e l y ,   v e r t i c a l   w i t h   t h e   t u r b i n e  

end  uppermost.   Similarly,  a r e v e r s e   t h r u s t   l o a d  would  be a f o r c e   d i r e c t e d  

f rom  the   a l t e rna to r   t owards   t he   t u rb ine .  

The d i s t r i b u t i o n   o f   r o t o r  mass r e s u l t s   i n  a s t a t i c  f o r c e  on t h e  No. 1 bear ing   of  

27.8 pounds  and 26 .7  pounds on t h e  No. 2 bear ing  when t h e   r o t o r  i s  h o r i z o n t a l   i n  a 

1-g g r a v i t a t i o n a l   f i e l d .  However, a l l  des ign   ca l cu la t ions   have   been  made  on t h e  

b a s i s   o f  a 35 pound s t a t i c   l o a d  on   each   journa l   bear ing .   This  w a s  done t o  

provide  a m a r g i n   f o r   e l e c t r o m a g n e t i c   f o r c e   r e a c t i o n s  d u e  t o   p o s s i b l e   e c c e n t r i c i t y  

be tween   t he   magne t i c   and   geomet r i c   cen te r s   o f   t he   a l t e rna to r   ro to r   and   s t a to r .  

Such e c c e n t r i c i t y   c o u l d   r e s u l t   f r o m   m a n u f a c t u r i n g   t o l e r a n c e s ,   b e a r i n g   s e t u p  

to le rances ,   and/or   magnet ic   f ie ld   d i ssymmetry .  

The d i f fe rence   be tween  the   des ign   va lues   o f   ambient   p ressure   for   bear ings  

No. 1 and No. 2 r e f l e c t s   t h e   p r e s s u r e   d i s t r i b u t i o n   t h r o u g h o u t   t h e   t u r b o a l t e r n a t o r  

which i s  n e c e s s a r y   t o   o b t a i n   t h e   r e q u i r e d   t h r u s t   b a l a n c e   a n d   a l s o ,   t h e   r e q u i r e d  

f low  of   coolan t   gas ,  

The p rev ious ly   r e f e renced  NASA e n v i r o n m e n t a l   s p e c i f i c a t i o n  POO55-1 is enc losed  

as Appendix H of t h i s   r e p o r t .  
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Selec t ion   of   Bear iag   Types  

D u r i n g   t h e   e a r l y   s t a g e s   o f   t h e   d e s i g n   p h a s e ,   c a r e f u l   c o n s i d e r a t i o n  was g i v e n   t o  

t h e   t y p e   o f   j o u r n a l   a n d   t h r u s t   b e a r i n g s   t h a t   s h o u l d   b e   u s e d   i n   t h e   t u r b o a l t e r n a t o r .  

The b e a r i n g   t y p e s   s e l e c t e d   f o r   t h e   i n i t i a l   b e a r i n g   s y s t e m   d e s i g n  were: 

1. f l ex ib ly - suppor t ed ,   p ivo ted -pad ,   s e l f - ac t ing   j ou rna l   bea r ings   w i th  

p r o v i s i o n s   f o r   h y d r o s t a t i c   l i f t   o f f   d u r i n g   s t a r t - u p  and  shutdown; 

2. f l e x i b l y - s u p p o r t e d ,   h e l i c a l - g r o o v e d   ( n i p p l e   p l a t e )   s e l f - a c t i n g   t h r u s t  

bear ing;   and 

3. i nhe ren t ly -compensa ted ,   annu la r ,   ex t e rna l ly -p res su r i zed   t h rus t   bea r ings  

t o   s u p p o r t   t h e   t h r u s t   l o a d s  a t  start-up  and  shutdown. 

No change i n   b e a r i n g   t y p e s  were made dur ing   the   course   o f   the   deve lopment   o f   the  

bear ing  system. 

The b a s i c   r e a s o n s   f o r   s e l e c t i o n  of t h e s e   b e a r i n g   t y p e s  were as fo l lows:  

1. P ivo ted -pad   j ou rna l   bea r ings   cou ld   r ead i ly   be   des igned   t o   be   s t ab le   ove r  

t he   ope ra t ing   r ange   o f   t he   mach ine .  The  freedom  of  angular  motion  of 

t he   p ivo ted -pads   a l so   p rov ides  good a l i g n m e n t   c a p a b i l i t y .   I n   a d d i t i o n ,  

t h i s  f reedom  of   motion,   and  the  interrupt ions  between  pads,   have  proved 

t o   b e   e f f e c t i v e   s a f e g u a r d s   a g a i n s t  damage f r o m   f o r e i g n   p a r t i c l e s   i n  

t h e   g a s  stream. F ina l ly ,   and   pe rhaps   mos t   impor t an t ly ,   t h i s   t ype  of 

j o u r n a l   b e a r i n g   h a d   b e e n   s u c c e s s f u l l y   u s e d   i n   s e v e r a l   p r e v i o u s   g a s -  

bearing  turbomachinery  developments.  To e n s u r e   t h e   a t t a i n m e n t   o f   t h e  

r e q u i r e d   m u l t i p l e  restart c a p a b i l i t y ,   p r o v i s i o n s   f o r   h y d r o s t a t i c   l i f t -  

off   dur ing  s tar t -up  and  shutdown were i n c o r p o r a t e d   i n t o   t h e   d e s i g n   o f  

the   hydrodynamic   journa l   bear ings .  

2.  The l o a d   c a p a c i t y  of p rope r ly   des igned   he l i ca l -g rooved   t h rus t   bea r ings  

6pwR 

Psh2 

2 
is  r e l a t i v e l y   i n s e n s i t i v e   t o   t h e   c o m p r e s s i b i l i t y  number ( A  = ~ ) 

o f   t h e   a p p l i c a t i o n .   T h i s  is  i n   s h a r p   c o n t r a s t   t o   o t h e r   t y p e s  of s e l f -  

ac t ing   t h rus t   bea r ings   ( e .g . ,   p ivo ted -pad ,   t ape red   l and ,   s t ep   t ype ,  and 
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o the r s )   whose   l oad   capac i ty   r ap id ly   approaches   an   a sympto t i c   va lue  as 

t h e   c o m p r e s s i b i l i t y  number is inc reased .   The   he l i ca l -g rooved   t h rus t  

b e a r i n g  i s ,  however, q u i t e   s e n s i t i v e   t o   t h e   d e g r e e   o f   p a r a l l e l i s m  

b e t w e e n   t h e   t h r u s t   r u n n e r   a n d   t h e   t h r u s t   s t a t o r .   A c c o r d i n g l y ,   t h e  

t h r u s t   s t a t o r   s h o u l d   b e   f l e x i b l y  mounted t o   p e r m i t  i t  t o   " t r a c k "  

misa l ignment   and   wobble   o f   the   th rus t   runner .  Once a g a i n ,   t h i s   t y p e  

of bea r ing   had   been   success fu l ly   app l i ed   i n   p rev ious   t u rbomach ine ry  

developments.  

3 .  The p r e s e n t   a p p l i c a t i o n  may b e   s u b j e c t   t o   h i g h   a x i a l   l o a d s   d u r i n g  start-  

up and  shutdown,  making i t  m a n d a t o r y   t o   e x t e r n a l l y   p r e s s u r i z e   t h e   t h r u s t  

b e a r i n g   d u r i n g   t h e s e   i n t e r v a l s .   W i t h   p r o p e r   d e s i g n , t h e   i n h e r e n t l y -  

compensa ted   ex te rna l ly -p res su r i zed   t h rus t   bea r ing   has  a much h i g h e r  

t h r e s h o l d   o f   o n s e t  of pneumatic hammer t h a n   o t h e r   e x t e r n a l l y - p r e s s u r i z e d  

b e a r i n g   t y p e s ,   s u c h  as o r i f i c e  compensated  and  pocketed  bearings.  

In   t he   fo l lowing   pa rag raphs t the   i nd iv idua l   componen t s  of t he   bea r ing   sys t em are 

reviewed i n  more d e t a i l .   A t t e n t i o n  is focused   on   ca l cu la t ed   pe r fo rmance   da t a  

a n d   o n   p r a c t i c a l   c o n s i d e r a t i o n s   o f   t h e   d e s i g n .  Sound t h e o r e t i c a l   a n a l y s e s  are 

e s s e n t i a l   i n   g a s - b e a r i n g   d e v e l o p m e n t ,   a n d  were u s e d   t o   e s t a b l i s h   t h e   s t e a d y -  

s ta te  and   dynamic   cha rac t e r i s t i c s   o f   t he   bea r ing   sys t em.   These   p rocedures ,  

however ,   have  been  covered  extensively i n  p r i o r   r e s e a r c h   a n d   i n   g e n e r a l   p u r p o s e  

des ign   papers   and   repor t s ,   and   hence  w i l l  no t   be   r epea ted   he re .   (Re fe rences  3 

through 15 l i s t  some  of t h e   s t a n d a r d   t e x t s   a n d   r e c e n t   p u b l i c a t i o n s   i n   t h e s e  

areas. ) 

P e r f o r m a n c e   C h a r a c t e r i s t i c s   o f   t h e   J o u r n a l   B e a r i n g s  

A s  n o t e d   p r e v i o u s l y ,   t h e   j o u r n a l   b e a r i n g s   s e l e c t e d   f o r   t h e   t u r b o a l t e r n a t o r  are 

o f   t he   p ivo ted -pad   t ype .   De ta i l ed   ana lyses   o f   t h i s   t ype  of b e a r i n g  are a v a i l a b l e  

based   on   numer i ca l   i n t eg ra t ion  of the   compress ib le   Reynolds   equat ion .  The 

r e su l t i ng   no rma l i zed   pad   da t a  i s  assembled as  a f u n c t i o n  of  p i v o t   p o s i t i o n ,  pad 
n 

6uw R 

'a C e c c e n t r i c i t y   r a t i o  , a n d   c o m p r e s s i b i l i t y  number ( A  = - (- ) ) .  The s t a t i c  

and  dynamic c h a r a c t e r i s t i c s  of t h e   b e a r i n g s  are  then   ob ta ined  by v e c t o r i a l  

s u m m a t i o n   o f   t h e   c h a r a c t e r i s t i c s   o f   t h e   i n d i v i d u a l   p a d s .  By s t o r i n g   t h i s  
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bea r ing   da t a   i n   compute r  memory, high-speed  digital   computer  programs  can  be 

u t i l i z e d   f o r  mak ing   s c reen ing   and   f i na l   des ign   ca l cu la t ions   fo r   any   spec i f i ed  

combinat ion  of   operat ing  condi t ions  and  bear ing  geometry.  

The t u r b o a l t e r n a t o r   j o u r n a l   b e a r i n g s ,   w h i c h  are e n t i t l e d   B e a r i n g  No. 1 f o r   t h e  

b e a r i n g   a d j a c e n t   t o   t h e   t u r b i n e ,   a n d   B e a r i n g  No. 2 f o r   t h e   b e a r i n g   a d j a c e n t   t o  

t h e   t h r u s t   r u n n e r ,   h a v e   b e e n   d e s i g n e d   t o   o p e r a t e   s a t i s f a c t o r i l y   u n d e r   t h e  

fo l lowing   cond i t ions :  

1. a t  a n y   o r i e n t a t i o n   o f   t h e   t u r b o a l t e r n a t o r   i n  a z e r o   t o  0.18-g 

g r a v i t a t i o n a l   f i e l d ;  

2 .  a t  any  angle  between  zero  and 90 degrees   sha f t   ang le   (where   ze ro  would 

co r re spond   t o  a v e r t i c a l l y   o r i e n t e d   s h a f t   w i t h   t h e   t u r b i n e  end up and 

90 degrees   would   be   hor izonta l )   in  a 1 . 0 - g   g r a v i t a t i o n a l   f i e l d .   ( A t  

a l l   a n g l e s   o t h e r   t h a n   z e r o   t h e   c i r c u m f e r e n t i a l   o r i e n t a t i o n   m u s t   a l l o w  

t h e   j o u r n a l   b e a r i n g   l o a d   v e c t o r   t o  p a s s  between  the  pivots  of  the  lower 

j o u r n a l   b e a r i n g  pads*) ; 

3 .  a t  any  ambient  pressure  above 6.0 ps i a ;   and  

4 .  t o   w i t h s t a n d ,   w h i l e   i n   a n y   o f   t h e   a b o v e   o r i e n t a t i o n s ,   a n   u n b a l a n c e   o f  

0.005 ounce-inches i n   t h e   p l a n e   o f   t h e   t u r b i n e   w h e e l .  

The p ivo t s   fo r   each   o f   t he   j ou rna l   bea r ing   pads   a r e  mounted  on i n d i v i d u a l  

suppor t   f lexures .   These   f lexures   se rve   severa l   purposes :  

1. They i n h e r e n t l y   i m p r o v e   t h e   a b i l i t y  of t h e   b e a r i n g s   t o  accommodate 

thermal  expansion  changes  which  would  tend  to  change  the  bearing 

c l ea rance .  

2. They r educe   bea r ing   p re load   changes   due   t o   cen t r i fuga l   g rowth  of 

t h e   j o u r n a l s  . 
3 .  They r educe   t he   r i g id -body  cr i t ical  speeds   o f   the  sys t em.  

* The terms “ lower1 ‘   o r   “ loaded“   pads   i n   t he   con tex t   o f   t h i s   r epor t   r e f e r   t o   t he  

two pads   i n   each   j ou rna l   bea r ing   wh ich   con ta in   p rov i s ions   fo r   hydros t a t i c  

l i f t   - o f f .  
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Two o f   t h e   p i v o t - s u p p o r t   f l e x u r e s   i n   e a c h   j o u r n a l   b e a r i n g  are r e l a t i v e l y  s t i f f  

f l e x u r e s  so as t o  l i m i t  r a d i a l   d i s p l a c e m e n t  of t h e   r o t o r ,   r e l a t i v e   t o   t h e  

c o n c e n t r i c   p o s i t i o n   o f  the v a r i o u s   s h a f t   l a b y r i n t h   s e a l s ,  when t h e   t u r b o a l t e r n a t o r  

is  o p e r a t e d   i n  a h o r i z o n t a l   p o s i t i o n   i n  a 1-g g r a v i t a t i o n a l   f i e l d .   T h e s e  s t i f f  

f l e x u r e s  are r e f e r r e d   t o  as the   l ower   (o r   l oaded)   f l exures   fo r   each   j ou rna l  

bea r ing .  The remaining two f l e x u r e s   i n   e a c h   b e a r i n g ,   r e f e r r e d   t o  as the   upper  

(o r   un loaded)   f l exures ,  are cons ide rab ly  less s t i f f   t h a n   t h e   l o w e r   f l e x u r e s .  

These   sof te r   f lexures   p rovide   mos t   o f   the   accommodat ion   to   changes   in   the   thermal  

expansion and c e n t r i f u g a l   g r o w t h   o f   t h e   j o u r n a l s .  A photograph  of a j o u r n a l  

bear ing   showing  the   f lexures  is  g i v e n   i n   F i g u r e  11-1. T h i s   p a r t i c u l a r   p h o t o g r a p h  

a l s o  shows the   bea r ing   suppor t   wh ich  was d e s i g n e d   f o r   u s e   i n   t h e   r o t o r - b e a r i n g  

s i m u l a t o r .  

A summary of t he   des ign   pa rame te r s  and ca lcu la ted   des ign-poin t   per formance  

c h a r a c t e r i s t i c s   f o r   t h e  two j o u r n a l   b e a r i n g s  is g i v e n   i n   T a b l e s  11-1 and  11-2. 

P resen ta t ion   o f   t he   ca l cu la t ed   j ou rna l   bea r ing   pe r fo rmance   ove r   t he   t u rboa l t e rna to r  

opera t ing   speed   range  is g i v e n   i n   F i g u r e s  11-2 t h r u  11-4.   These  f igures show 

p l o t s   o f   t h e   p e r f o r m a n c e   c h a r a c t e r i s t i c s  l i s t e d  be low  as  a f u n c t i o n  of r o t o r   s p e e d  

when t h e   t u r b o a l t e r n a t o r  is o p e r a t i n g   h o r i z o n t a l l y   i n  a 1-g g r a v i t a t i o n a l  

f i e l d .  

1. b e a r i n g   f i l m   t h i c k n e s s  a t  the   p ivo t   l oca t ion   o f   t he   l oaded   pads ,  

2 .  b e a r i n g   f r i c t i o n   l o s s ,  

3 .  b e a r i n g   r a d i a l   s t i f f n e s s ,  

4 .  r a t i o   o f  pad r e s o n a n t   f r e q u e n c y   t o   r o t o r   s y n c h r o n o u s   f r e q u e n c y   i n  

t h e   r o l l   d i r e c t i o n   f o r   t h e   u p p e r   a n d   l o w e r   p a d s   ( o r   e q u i v a l e n t l y ,  

the  unloaded  and  loaded  pads),   and 

5. r a t io   o f   pad   r e sonan t   f r equency   t o   ro to r   synchronous   f r equency   i n   t he  

p i t c h   d i r e c t i o n   f o r   t h e   u p p e r   ( u n l o a d e d )  and  lower  (loaded)  pads. 

The d a t a   i n   F i g u r e s  11-2 t h r u  1 1 - 5   i n c l u d e s   t h e   e f f e c t s  of p i v o t   s u p p o r t   d e f l e c t i o n  

and   j ou rna l   cen t r i fuga l   g rowth .  The tempera tures   o f   the   bear ings  were he ld  

c o n s t a n t   a t   d e s i g n - p o i n t   c o n d i t i o n s   f o r  a l l  t h e   c a l c u l a t i o n s .  
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During   the   per iod  when t h e   t u r b o a l t e r n a t o r   d e s i g n  was be ing   e s t ab l i shed ,  a 

b e a r i n g   c l e a r a n c e   r a t i o  (C R) of 0.5 x was used,  i n  conjunct ion  with  nominal  

va lues  of  p a d   c l e a r a n c e   r a t i o  (C R) and  preload (m) of 1.0 x lom3 and 0.5 respec-  

t i v e l y ,   t o   s i z e   t h e   j o u r n a l   b e a r i n g s .   W h i l e   f a b r i c a t i n g   t h e   j o u r n a l   b e a r i n g s  

i n t e n d e d   f o r  use i n   b o t h   t h e   r o t o r - b e a r i n g   s i m u l a t o r   a n d   t h e   t u r b o a l t e r n a t o r ,  

some d i f f i c u l t y  was expe r i enced   i n   mach in ing   t he  pad r a d i u s   w i t h i n   t h e   o r i g i n a l l y  

e s t a b l i s h e d   t o l e r a n c e   o f  2 0 . 1  m i l s .  Ca lcu la t ions  were, t h e r e f o r e ,  made t o  

a s c e r t a i n   t h e   e f f e c t   o n   b e a r i n g   p e r f o r m a n c e  of inc reased   pad   r ad ius   t o l e rance .  

The b a s i s   o f   t h e s e   c a l c u l a t i o n s  w a s  t h e   r e t e n t i o n   o f   t h e   p r e v i o u s l y   e s t a b l i s h e d  

b e a r i n g   c l e a r a n c e   r a t i o  (C R) of 0.5 x  The va lues   o f   p re load   cor responding  

t o   t h e   r a n g e  of C R under   cons idera t ion  were determined  f rom  the  fol lowing 

g e o m e t r i c a l   r e l a t i o n s h i p .  

B/ 

P/ 

B/  

P /  

where m = P r e l o a d   r a t i o  

R = J o u r n a l   r a d i u s  a t  design  speed 

C = Difference   be tween  the   machined   rad i i   o f   the   pads   and   the   journa l  P 
a t  design  speed 

C = Difference  between  the  dimension  from  the  bearing  georneti-ic 
B 

c e n t e r   t o   r h e  pad s u r f a c e   ( a t   t h e   p i v o t   p o i n t )  and t h e   j o u r n a l  

r a d i u s  a t  des ign   speed .  

The r e s u l t s  o f   t h e s e   c a l c u l a t i o n s ,   w h i c h  are shown i n   F i g u r e  11-5, show t h a t   f o r  

cons t an t   bea r ing   c l ea rance  (C  R) the   bear ing   per formance  is v i r t u a l l y   u n a f f e c t e d  

by the   mach ined   c l ea rance   r a t io  C It was ,   t he re fo re ,   conc luded   t ha t   an  

i n c r e a s e   i n  pad r a d i u s   t o l e r a n c e  to & 1.0  mils could   be   in t roduced .  The va lues  

B/  

P/R. 

n 

o f   t o l e r a n c e   s e l e c t e d   r e s u l t   i n  a nominal C R of 1 .28  x wi th  a minimum 

C R of  1.0 x  when t h e  pad r a d i u s  is a t   t h e   l o w e r  limit o f   t he   t o l e rance ,  

and a maximum C R of 1 .6  x  when t h e  pad r a d i u s  i s  a t  the   upper  limit of 

t h e   t o l e r a n c e .  The d e s i g n   c a l c u l a t i o n s   p r e s e n t e d   a r e ,   t h e r e f o r e ,   b a s e d  on t h e  

nominal C R of  1.28 x and   t he   a s soc ia t ed   va lue   o f   p re load  (m) of 0.612, 

P I  

P I  
P /  

P /  
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TABLE 11-1 

Configuration 

TURBOALTERNATOR  JOURNAL BEAR1N.G- -DESIS.N- Pe-TERz 

Pivoted-pad  (with 
hydrostatic  lift-off) 

Journal  Diameters,  Inches  3.500 

Bearing  Length-to-Diameter  Ratio  (L/D) 1.0 

Number  of Pads per  Bearing 4 

Pad  Orientation  (Referenced  to 
horizontal  orientation  of  the  rotor) 

Arc  Length ( 6 )  of Pad, Degrees 

Pivot  Location ( e /B)  from 
Leading  Edge 

Pad  Clearance  Ratio  (Cp  /R) 

Rotor  weight  between  pivots 

80.0 

0.65 

1.28 x 

Bearing  Preload  Ratio (m) 0.612 

Individual  Pad  Mass,  Ounces 9.7  (with  capacitance 
probe) 

Pivot  Ball  Diameter,  Inches  0.625 

Pivot  Socket  Diameter,  Inches  0.812 

Measured  Pivot  Support 
Radial  Stiffness,  Lb/In 

34,800 (upper  Pads) 
84,000 (lower  pads) 

Shaft  Material AMs 6294 (AIS1  4620) 

Shaft  Material 
Coefficient  of  Expansion, 
Inch/Inch/OF 

Pad  Material 

6.65 x at  300°F 

M-1  Tool  steel 

Pivot  Material  M-1  Tool  steel 

Pivot  Material 
Coefficient  of Expansion, 
Inch/Inch/'F 

6.65 x at  300°F 

Journal  and  Pad  Surfacing  Material  Chrome  Oxide 

Bearing  Support  Housing  Material AMs 5646 

Bearing  Support  Housing  Material 
Coefficient  of  Expansion, 
Inch/Inch/OF 

9.3 x at 212'F 
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TABLE 11-2 

TURBOALTERNATOR  JOURNAL  BEARING  CALCULATED  PERFORMANCE  CHARACTERISTICS 

All data  given  below is based upon  the  following  operating  conditions. 

Rotor  Speed 

Lubricant  gas 

Bearing  Temperature 

12,000 R P M  

Argon 

300°F 

a. Horizontal  operation in a 1.0 g  gravitational  field. 

Bearing Load,  Pounds  35 

Bearing  Ambient Pressure, PSIA 6.0 10.5  12.0 

Operating  Clearance  at Pivot, Mils 
(loaded  pads) 0.51 0.60 0.62 

Friction  Loss Per Journal,  Watts 91.6 89.5 90.2 

Radial  Gas  Film  Stiffness,  Lb./In. 1.14 x lo5 1.4 x lo5 1.45 x 10 
5 

b. Space  operation  in  a  zero-g  gravitational  field.  Bearing  load  due  to  0.005 

ounce-inch  unbalance in the  plane  of  the  turbine  wheel. 

Bearing  Ambient Pressure, PSIA 

Operating  Clearance  at Pivot, 
Mils  (All  pads) 

Friction  Loss  per  Journal,  Watts 

Radial  Gas  Film  Stiffness,Lb/Ln. 

10.5  12.0 

0.87 0.87 

83.9 84.5 

1.14 x lo5 1.239 x 10 5 
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. . .  

Fig. 11-1 View of  a Journal Bearing  Assembly 
Showing the Pivot Supports 
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L L=D = 3.5 IN 
BEARING  LOAD = 35 LB  Pa = 6.0 PSIA 

C ~ / R  AT 12,000 RPM = 1.28 x 1 0 ' ~  

FLEXURE STIFFNESS = 9.0 X to4 LBIIN (LOWER) 
m AT 12,000 RPM = 0.612 

I 

I I 
I I. 

N ~ / N  LOADED PADS?, . -  ~ 1 

Fig. 11-2 Calculated  Journal Bearing Performance 
In a 6.0 PSIA Argon Environment.  (Rotor 
horizontal  in  a 1-g gravitational field) 

4 6 8 10 12 14 16 
I 

RPM X 10-3 
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L = D = 3 . 5  IN BEARING  LOAD = 35LB Pa = 10.5 PSI A 
$,/RAT 12,000 RPM = 1.28 x 

. m AT 12,000 RPM = 0.612 
FLEXURE STJFFNESS = 9.0 X lo4 LBAN (LOWER) 

= 3.0 X lo4 LB/ IN (UPPER) 

'2~  4 6 0 IO 12 14 16 
RPM X 10-3 
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1000 

L=D  =3.5 IN BEARING  LOAD = 35LB Pa =12.0 PSIA 
Cp/R AT 12,000 RPM = 1.28 x 
m AT 12,000 RPM = 0.612 
FLEXURE STIFFNESS = 9.0 x IO LB/IN (LOWER) 

= 3.0 x 10 LB/ IN (UPPER) 

)L = 4.2 x  IO-^ LB SEC/IN* (ARGON AT 3 0 0 0 ~ 1  

100 

IO 

I I I 
I 

Fig. 11-4 Calculated Journal Bearing Performance 
In a 12.0 PSIA  Argon Environment.  (Rotor 
horizontal in-a 1-g gravitational  field) 

‘2 I I 
4 6 . 0  IO 12 14 16 

RPM X 10-3 
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IO 

1.0 

O.J( 

~ ~~ 

- THE  RECOMMENDED SIZE AND  TOLERANCE ON 
THE  BEARING  PAD  RADIUS  RESULTS IN 

- OPER-ATlON IN THIS  ZONE 
4 

T 1 y P  x I02 

2 
I h PIVOT x IO4 

t NR/N UNLOADED  PAD n-"- 

l = D =  3.5 INCHES;  BEARING  CLEARANCE 
%/R = 0.5 x 10-3 ; SPEED = 12,000 RPM; 

VISCOSITY =4.2 X LB SEC/ IN* 

- AMBIENT  PRESSURE pa = 6.0 PSIA; 
LOAD = 35 LB ; 

A 
w I .o 1.5 2 .o 2.5 . 

C ~ / R  X lo3 
3 

Fig. 11-5  Calculated  Effect  of  Machined  Clearance 
Ratio (C  /R) Variation  on  Journal  Bearing 
Performance  in  a 6.0 PSIA  Argon  Environment 
(Rotor  horizontal  in  a 1-g gravitational  field) 

P 
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P r o v i s i o n s   € o r   E x t e r n a l   P r e s s u r i z a t i o n   o f   J o u r n a l   B e a r i n g s  

The ave rage   l oad ing   on   t he   j ou rna l   bea r ings  a t  s t a r t - u p  is approximately  2.35  PSI 

i n  a 1-g g r a v i t a t i o n a l   f i e l d  when t h e   s h a f t  is hor i zon ta l ly   o r i en ted .   A l though  

r e c e n t  tests have shown t h a t  chrome  ox ide   bear ing   coa t ings   can   surv ive  many 

hydrodynamic starts and   s tops  a t  bea r ing   l oads  up t o  4 P S I ,   h y d r o s t a t i c   b e a r i n g s  

h a v e   n o n e t h e l e s s   b e e n   b u i l t   i n t o   t h e   h y d r o d y n a m i c   j o u r n a l   b e a r i n g s .   T h i s   f e a t u r e  

g r e a t l y   r e d u c e s   t h e   s t a r t - u p   f r i c t i o n   t o r q u e   a n d , c o n s e q u e n t l y ,   a l l o w s   t h e   r o t o r  

t o   r a p i d l y  accelerate to   des ign   speed .  

H y d r o s t a t i c   l i f t - o f f  i s  accomplished  by  feeding  pressurized  gas   through a 0.013 

i n c h   d i a m e t e r   o r i f i c e   i n   e a c h   o f   t h e  two lower   pads   o f   the   journa l   bear ings .  A 

recess i n   t h e   s u r f a c e   o f   t h e   p a d s ,  0.0002 inches   deep   wi th   an  area of 0.75 

s q u a r e   i n c h e s ,   d i s t r i b u t e s   t h e   h y d r o s t a t i c   g a s   w i t h i n   t h e   b e a r i n g .  Gas is f e d  

t o   t h e  pad o r i f i c e   t h r o u g h   d r i l l i n g s   i n   t h e  body  of t h e   p i v o t   r o d .   T h e s e   d r i l l i n g s  

are p o s i t i o n e d  i n  such a manner t h a t   t h e   p i v o t   c o n t a c t   a r e a  is n o t   i n t e r r u p t e d .  

T h i s   e n s u r e s   t h a t   p i v o t   f r e t t i n g   p r o b l e m s  w i l l  no t   be   in t roduced  by t h e   l i f t - o f f  

s y s t e m .   I n   o r d e r   t o   p r e c l u d e   t h e   p o s s i b i l i t y   o f   l e a k a g e   o f   t h e   g a s   f i l m   t h r o u g h  

the   o r i f i ce   caus ing   de t e r io ra t ion   o f   t he   hydrodynamic   bea r ing   pe r fo rmance   unde r  

no rma l   cond i t ions   o f   ope ra t ion ,   t he   o r i f i ce s   have   been   equ ipped   w i th   check   va lves .  

These   va lves   cons i s t   o f   an  "0" r i n g  seal which is  l i f t e d   o f f   t h e   v a l v e  seat by 

t h e   h y d r o s t a t i c   p r e s s u r e  when t h e   l i f t - o f f   s y s t e m  i s  i n   o p e r a t i o n .  The e l a s t i c i t y  

of   the  "0" r ing   ma in ta ins   t he   r equ i r ed   s ea l   du r ing   hydrodynamic   ope ra t ion  of t h e  

bear ings .   Des ign   of   the   supply-gas   feed   l ine   and   check   va lve  is shown i n   F i g u r e  

11-6. F igu re  11-7 is  a photograph of an   ins t rumented   bear ing   pad ,   p ivot - rod  

and  check  valve  parts.   Figure  11-8  shows  the recess and o r i f i c e   i n   t h e   s u r f a c e  

of a bear ing  pad.  

The hydros t a t i c   l i f t -o f f   bea r ings   have   been   des igned   t o   p rov ide   approx ima te ly  

0.4 Mils f i l m   t h i c k n e s s  a t  t h e   p i v o t   p o i n t   f o r  a supply   p ressure   o f   100  PSIA. 

The t o t a l   f l o w   r a t e  of  argon  through two h y d r o s t a t i c   j o u r n a l s  w i l l  be   about  

2.6 x lom4 pounds  per  second. To prevent   the  rotor   f rom  contact ing  the  unloaded 

p a d s ,   w h i c h   a r e   n o t   p r o v i d e d   w i t h   h y d r o s t a t i c   l i f t - o f f   c a p a b i l i t i e s ,   j a c k i n g   g a s  

s h o u l d   n o t   b e   s u p p l i e d   t o   t h e   j o u r n a l   b e a r i n g s  when t h e   r o t o r  i s  o p e r a t i n g   i n  a 

v e r t i c a l   p o s i t i o n   o r  a z e r o - g   g r a v i t a t i o n a l   f i e l d .  
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SUPPLY 

PIVOT LOCKNUT 

PIVOT SEAT 
CHECK  VALVE 

BEARING PAD 

( 2  LOADED PADS  ONLY) 

Fig. 11-6 Details of the  Journal  Bearing  Jacking 
Gas  System 
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F i g .  11-8 V i e w  o f   t h e   S u r f a c e   o f  a loaded  Pad  Showing 
t h e  Pad t o   S h a f t   C a p a c i t a n c e   P r o b e   a n d   t h e  
Jacking Gas O r i f i c e   a n d  Recess 



Performance  Characteristics of the Hydrodynamic  Thrust  Bearing 

The design  of  the  turboalternator is such that the  thrust  load,  at  design  condi- 
tions, is in the reawarddirection, i.e., directed  from the  turbine  towards 

the  alternator. 

The thrust  bearing  has been  designed to  operate  satisfactorily  under  the  following 

conditions: 

1. in any  orientation of the  turboalternator, 

2. at  any  ambient  pressure above 6 psia, and 

3. with  small  misalignments  which  may  occur  during  operation. 

A s  previously  noted,  a  helical-grooved (nipple plate)  hydrodynamic  bearing  with 

a  flexibly-mounted  stator was selected.  This  bearing was designed  using  analytical 

and  computational  procedures  that were previously  developed  and  programmed  by 

MTI. These  take  full  account  of  gas  compressibility  effects, as well  as of  the 

important  geometrical  factors  (radius  ratio,  seal-to-groove  ratio,  groove  width 

and  depth  ratios,  and  helix angle). 

To achieve  compact,  low  power-loss  design,  this  bearing  is  built  around  the 

hydrostatic  bearing  which is used  for  start-up  and  shut  down. In this  design 
the  radius of the row  of  hydrostatic  orifices  has  been  conservatively  assumed 

to  be  the  inner  radius of the  hydrodynamic  bearing. 

The  12,000 rpm design load  for the  hydrodynamic  bearing  is 85 pounds  which  is 

achieved  at  a  film  thickness  of 1.1Mils. Changes in orientation,  however,  can 

reduce  this  load  to 30 pounds,  at  which  time  the  film  thickness  will  approach 

1.8 Mils. 

The  flexible  mount  for  the  thrust  stator  has  been  designed  such  that  the  stator 

will accurately  track  dynamic  misalignment  of the thrust  runner in the  critical, 

high-load  regions  of  operation. Such  misalignment  may  result  from  manufacturing 

tolerances  and  from conical  shaft  motions  during  operation  with  mechanical 
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unbalance.  The f l e x u r e  mount a l s o   a l l o w s  some degree  of s e l f - a l i g n m e n t  of t h e  

s t a t o r   t o   t h e   a v e r a g e   p l a n e   o f   t h e   t h r u s t   r u n n e r .  

The t h r u s t   b e a r i n g  is  maintained a t   n e a r   i s o t h e r m a l   t e m p e r a t u r e ,   u s i n g   l i q u i d   a s  

t h e   c o o l a n t .  The ca l cu la t ed   pe r fo rmance   o f   t he   hydrodynamic   t h rus t   bea r ing   a t  

6 ,000,  12,000 and 14,000 rpm is  shown on   F igu res  1 1 - 9 ,  11-10  and 11-11 r e s p e c t i v e l y .  

Summaries   of   the   design  parameters   and  calculated  design-point   performance  charac-  

t e r i s t i c s  a r e   g i v e n   i n   T a b l e s  11-3 and  11-4. 

Figure  11-12 shows t h e  main  and r e v e r s e   t h r u s t   f a c e s   o f   t h e   t h r u s t   r u n n e r  and 

Figures  11-13  and  11-14 show the   g rooved   sur face   o f   the   hydrodynamic   th rus t  

bea r ing  and t h e   b e a r i n g   s u p p o r t   f l e x u r e   r e s p e c t i v e l y .  
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TABLE 11-3 

Configuration 

MAIN HYDRODYNAMIC  THRUST  BEARING  DESIGN PARAMETERS 

Thrust  Runner  Diameter,  Inches 

Helical-Grooved  Bearing O.D., Inches 

Helical-Grooved  Bearing  I.D.,  Inches 

Groove  Depth,  Inches 

Number  of  Grooves 

Stator  Support  Stiffness  in  Axial 
Direction, Lb./In. 

Stator  Support  Stiffness  in  Tilt 
Direction, In.-Lb./rad. 

Stator  Temperature, F 

Runner  Temperature, F 
Runner  Material 

Stator  Material 

Stator  and  Runner  Surfacing 

0 

0 

Material 

Helical  grooved,  inward 
pumping 

7.00 

7.00 

2.80 

0.0022 

12 

38.600 

99 ,000  

216 

220 

AMs 6415 (AIS1 4340)  

AMs 4027  (aluminum  6061-T6) 

Chrome  Oxide 
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TABLE 11-4 

TURBOALTERNATOR MAIN KYDRODYNAMIC THRUST  BEARING  CALCULATED 

PERFORMANCE  CHARACTERISTICS 

A l l  da ta   g iven   be low i s  based   upon  the   fo l lowing   bear ing   opera t ing   condi t ions :  

Rotor  Speed 

L u b r i c a n t  Gas 

Bearing  Temperature 

Ambient  Pressure 

12,000 RPM 

Argon 

200°F 

12 .O PSIA 

a )   V e r t i c a l   O p e r a t i o n   i n  a 1-g g r a v i t a t i o n a l   f i e l d   ( t u r b i n e  end  up) 

Bearing  Load,  Pounds  85 .O 

F r i c t i o n   L o s s ,   W a t t s  
(Combined  hydrodynamic  and 
h y d r o s t a t i c  main t h r u s t  
bea r ing )  104 . O  

Opera t ing   Bear ing   Clearance ,  Mils 1 . 1 2  

A x i a l  Gas   F i lm   S t i f fnes s ,   Lb / In .   1 .55  x 10 
5 

b )  Space   Opera t ion   i n  a z e r o - g   g r a v i t a t i o n a l   f i e l d  

Bearing  Load,  Pounds 

F r i c t i o n  Loss ,  Watts 
(Combined hydrodynamic  and 
h y d r o s t a t i c  ma i n   t h r u s t   b e a r i n g )  

Opera t ing   Bear ing   Clearance ,  Mils 

Ax ia l  Gas F i l m   S t i f f n e s s ,   L b / I n .  

30 

30 

59 .O 

1.8 

0.35 x 10 5 



100 

10.0 

1.0 

: THRUST LOAD  LBS 

KT = TILT  STIFFNESS IN  LBSIRA 
FHP = FRICTION HORSEPOWER 

(COMBINED  \HYDRODYNAMIC  AND 

,ROD= 3.50  IN ROS = 1.96 IN 
RM = 1.40 IN RIS = 0.50 IN 
VISCOSITY = 3.8 x IO” LB SEC/lN2(ARGON AT 200’F) 

I 

2.0 ‘I 0.5 1.0 1.5 
FILM THICKNESS IN X lo3 
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W = THRUST  LOAD LBS 
KA = AXIAL  STIFFNESS LBS/IN 
KT = TILT STIFFNESS IN L W R A D  
FHP = FRICTION HORSEPOWER 

(COMBINED  HYDRODYNAMIC  AND 

ROD 3.50 IN ROS= 1.96 IN 
RM = 1.40 IN RIS = 0.50 IN 
VISCOSITY = 3.8 x LB  SEC/IN2  (ARGON AT 200°F) 

Fig. 11-10 Calculated Hydrodynamic Thrust Bearing 
Performance in  a 1 2 . O P S I A  Argon 
Environment at 12,000 WM (Design Speed) .I 

0.5 1.0 1.5 
FILM THICKNESS IN x lo3 
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I 

-RPM - = 14,400 
- W = THRUST LOAD  LBS 
- KA = AXIAL STIFFNESS LBS/IN 
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Fig. 11- 13 View of Combined  Hydrodynamic-Hydrostatic 
Main Thrust  Bearing 





Performance  Characteristics  of  the  Hydrostatic  Thrust  Bearings 

The method  by  which  the  turboalternator  is  started  and  stopped  may  impose  large 

thrust  loads  at low  rotor  speeds.  Since  a  hydrodynamic  thrust  bearing  cannot 

carry  large  thrust  loads  at low speeds, two  hydrostatic  thrust  bearings have 

been  provided, one on each side of the thrust  runner. 

The conditions  under  which these-bearings have  been  designed  to  operate are as 

follows : 

Load  (lb. ) 

Supply  pressure  (psia) 

Ambient  pressure  (psia) 

Reverse  Thrust Ma in  Thrust 

100 250 

100 100 

6  6 

Both  bearings  are  of  the  inherently  compensated  type in order  to  minimize  the 

possibility  of  pneumatic  hammer  at  ambient  pressures  below 6 psia  (this  being 

a  possible  condition  at  start-up). 

The bearings  were  designed  using  existing  computer  programs  which  are  basically 

a  development of the  "line  feed"  method,  but  which  take  account  of  the  discreteness 

of  the  individual  feeder  holes  and  the  circumferential  flow  between  holes. In 

computing  the  orifice  pressure  drops,  both  the  losses  in  the  feeder  holes  and  in 

the  annular  "curtaint1  areas  around  the  rims  of  the  holes  are  taken  into  account. 
Since  in this case an inherently  compensated  design was selected  for  improved 

stability,  the  feeder hole diameters are large  enough  that  the  dominant  restric- 

tion  occurs in the  annular ''curtainll areas  instead of inside  the  feeder  holes. 

The calculated  performance of the  main  and reverse thrust  hydrostatic  bearings 

is  shown on Figures  11-15  and 11-16 respectively. A summary  of  the  design 

parameters  and  calculated  design-point  performance  characteristics are given 

in Table 11-5.  Figure  11-17  is  a  photograph  of  the  reverse  hydrostatic  thrust 

bearing. The orifices in the  main  hydrostatic  thrust  bearing  can  be  seen 

in  Figure  11-13, 
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TABLE 11-5 

HYDROSTATIC  THRUST  BEARING  DESIGN  PARAMETERS  AND  CALCULATED 

PERFORMANCE  CHARACTERISTICS 

- 

Main  Hydrostatic  Bearing 

Bearing OD, Inches 3.92 

Bearing ID, Inches 1.00 

Number  of  Orifices 16 

Diameter  of  Orifices,  Inches 0.028 

Hydrostatic  Gas  Supply  Pressure 
at Start-up,  PSIA 100.0 

Hydrostatic  Gas  Supply  Temperature 
at  Start-up O F 

.. . 

Ambient  Pressure,  PSIA 

Bearing  Load  at  Start-up,  Pounds 

Bearing  Film  Thickness  at 
Start-up,  Mils 

Argon  Gas  Flow  at  Start-up 
Pounds/Sec. 

Stator  Material 

Stator  Surfacing  Material 

Reverse  Hydrostatic  Bearing 

Bearing  OD,  Inches 

Bearing ID, Inches 

Number of Orifices 

Diameter  of  Orifices,  Inches 

Hydrostatic  Gas  Supply  Pressure 
at Start-up,  PSIA 

100 

6.0 

250 

1.4 

0.0058 

AMs-4027 (aluminum 6061-T6) 

Chrome  Oxide 

4.92 

3.58 

16 

0.028 

100.0 

Hydrostatic  Gas  Supply  Temperature 
at Start-up OF 100 

Ambient  Pressure,  PSIA 6.0 

Bearing  Load  at  Start-up,  Pounds 100 

Bearing  Film  Thickness  at  Start-Up,Mils 1.5 

Argon  Gas  Flow at  Start-up,  Pounds/Sec. 0.0063 

Stator  Material AMs-5646E (AIS1 347) 

Stator  Surfacing  Material Chrome  Oxide 
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FILM THICKNESS IN. X lo3 

Fig.  11-15 Calculated Performence of the Hydrostatic 
Main Thrust Bearing i n  a 6 . 0  PSIA Argon 
Environment 



- 
RADIUS  RATIO 1.40 
NUMBER OF ORIFICES 16 

- 

3.2 x 10” LB SEC/IN2- 
SUPPLY  PRESSURE 100 PSIA 

IO 

I .o 

0. 

t 
I 
I 

I 
I I 

1.5 - 2.0 
FILM THICKNESS INCHES x 103 

Fig. 11-16 Calculated  Performance of the   Hydros ta t ic  
Reverse  Thrust  Bearing i n  a 6.0 PSIA 
Argon Environment 
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ORIFICES (16) 

I 
t., - . . ~ . ,  , , . - 

, .  

HOLE FOR INSERTION 
OF CAPACITANCE  PROBE 

Fig.  11-17 V i e w  of t h e   H y d r o s t a t i c  Reverse T h r u s t - B e a r i n g  



Rotor-Bearing  System Dynamics 

It i s  p a r t i c u l a r l y   i m p o r t a n t   i n   t h e   d e s i g n   o f   g a s - b e a r i n g   m a c h i n e r y   t o   b e   s u r e  

tha t   t he   ro to r -bea r ing   sys t em w i l l  no t   deve lop   excess ive   ampl i tudes   o f   e i t he r  

s t a b l e   o r   u n s t a b l e   v i b r a t i o n   o v e r   t h e   d e s i r e d   r a n g e   o f   o p e r a t i n g   s p e e d s .  The 

s implest   and  most  common fo rm  o f   v ib ra t ion  is s y n c h r o n o u s   r o t o r   w h i r l   r e s u l t i n g  

f r o m   e x c i t a t i o n   o f   t r a n s v e r s e   r e s o n a n t   f r e q u e n c i e s  of t h e   r o t o r   i n  i t s  r i g i d   o r  

f l e x i b l e  beam modes.  The e x c i t a t i o n   m o s t  commonly der ives   f rom  mechanical  

unba lance   o f   t he   ro to r ,   a l t hough   o the r   fo rms   o f   exc i t a t ion   a r e   poss ib l e .  The 

speeds a t  wh ich   t r ansve r se   r e sonan t  beam  modes  of r o t o r   w h i r l   c a n   o c c u r   a r e  

c a l l e d   t h e   t r a n s v e r s e  c r i t i c a l  s p e e d s   o f   t h e   r o t o r .  

Because  of  the  l imited  amount  of  damping i n  a gas   bea r ing ,  i t  is  d i f f i c u l t   t o  

des ign  a gas-bear ing   machine   for   sa fe   opera t ion   th rough a "bent   shaf t"  c r i t i c a l  

speed   un less  some a u x i l i a r y  means of damping is  provided.  The des ign   ph i losophy 

used  on a l l  previous  gas- lubricated  machinery  developments   required  that   the  

" b e n t   s h a f t "   c r i t i c a l   s h o u l d   b e  w e l l  above   the  maximum opera t ing   speed .  

The a l t e r n a t o r  w a s  expec ted ,   however ,   to   exer t   e lec t romagnet ic   forces   o f  a 

s i g n i f i c a n t   m a g n i t u d e   o n   t h e   r o t o r  a t  a fundamental  frequency  of  two-per-rev. 

To e n s u r e   t h a t   t h e   t w o - p e r - r e v   d i d   n o t   e x c i t e   t h e   r o t o r   i n   t h e   " b e n t   s h a f t "  mode 

o f   v ib ra t ion ,   t he   des ign   ph i lo sophy  was ex tended .   The   r e su l t i ng   c r i t e r ion   o f  

t u r b o a l t e r n a t o r   d e s i g n  was t h a t   t h e   ' ' b e n t   s h a f t "  c r i t i ca l  should  be i n  excess  

of twice the   overspeed   condi t ion .  

A c r i t i c a l   s p e e d   a n a l y s i s   f o r   t h e   t u r b o a l t e r n a t o r  was carried ou t   u s ing  a Holzer- 

t y p e   c a l c u l a t i o n  programmed f o r   d i g i t a l   c o m p u t e r   s o l u t i o n .  The c a l c u l a t i o n  

p r o v i d e s   b o t h   t h e   c r i t i c a l   s p e e d s   a n d   t h e   a s s o c i a t e d   r o t o r   d i s p l a c e m e n t  mode 

s h a p e s ,   a n d   i n c l u d e s   t h e   e f f e c t s   o f   r o t o r  mass, r o t o r   s t i f f n e s s ,   b e a r i n g  

mass, b e a r i n g   s t i f f n e s s ,   b e a r i n g   s u p p o r t   s t i f f n e s s ,   a n d   r o t o r   g y r o s c o p i c   e f f e c t s .  

The c r i t i c a l  s p e e d s   f o r   t h e   f i n a l   d e s i g n   o f   t h e   r o t o r - b e a r i n g  sys t em a r e   p l o t t e d  

i n   F i g u r e  11-18 a s  a f u n c t i o n  of jou rna l   bea r ing   s t i f fnes s .   Supe r imposed   on  

t h i s   p l o t  are t h e   c a l c u l a t e d   j o u r n a l   b e a r i n g   s t i f f n e s s e s   a t  12 .0  p s i a  and 6.0 p s i a  
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ambient  pressure  as  a  function  of  speed  (obtained  from  Figures 11-2 and 11-4). 

The intersections  of  the  critical  speed  curves  and  the  journal  bearing  stiffness 

curves  identify  the  speeds  at  which  rotor  resonances  could  be  expected  to  occur 

in the  presence of sufficient  rotor  unbalance. The two  lowest  critical  speeds 

are  essentially  rigid-body  resonances  of  the  rotor due to  the  stiffnesses  of  the 

gas film  and  the  pivot-support  flexures. It is seen from  Figure 11-18 that the 

two  rigid-body  resonances  should  occur in the 7,000 to 9,000 R P M  range,  which 

is  sufficiently low to be of little  concern to  turboalternator  operation. The 

third  critical speed,  which  is slightly  above 32,000 R P M ,  is  the  first  free-free 

"bent  shaft"  critical  of  the  rotor  and  is  virtually  unaffected  by  bearing  stiff- 

ness. No influence  of  this  critical  speed  would  be  expected  at  the  12,000  and 

14,400 R P M  design  and  overspeed  conditions.  Balancing  of the  rotor  should  prove, 

therefore,  to be well within  the state-of-the-art  of  present  balancing  techniques. 

The value  of  pedestal  stiffness  used in  the  calculation  of  rotor  critical  speeds 

presented  in  Figure 11-18 was  determined  from  the  measured  values  of  upper  and 

lower  pivot  support  stiffness  and  calculated  values  of  pivotlseat  contact zone 

stiffness. 

The rigid-body  critical  speed mode  shapes  for  the  rotor  are  plotted  in  Figure 

11-19. It is seen that  for  pure  modal  excitation,  the No. 1 journal  would 
experience  the  largest  resonant  amplitudes  at  the  lowest  rigid-body  critical, 

while the  No.2 journal would  experience  the  largest  resonant  amplitudes  at  the 

second.rigid-body critical. The nodal point  for the lowest  rigid-body  critical 

is  located in the  plane  of  the  alternator,  while  the  nodal  point  for  the  second 

critical  speed  is  located  outboard  of  the  turbine  wheel. 

The calculated  steady-state  plus  dynamic  bearing  loads  for  a  horizontal  rotor 

orientation  in  a  1-g  field  and 0.005 ounce-inches  of  unbalance  in  the  turbine 
plane  (the  rotor  being  otherwise  perfectly  balanced  and not subjected  to 

electromagnetic  forces) are plotted in  Figure  11-20  as  a  function  of  speed.  The 

value  of 0.005 ounce-inches  of  unbalance was assumed  to  occur  over  a  period  of 

10,000  hours  due to  unsymmetrical  mass  shift  (creep) in  the  turbine. It is 
seen from  Figure  11-20  that  the  unbalance  causes  both  journals  to  resonate 

simultaneously  between 9,000 and 10,000 RF". There is no distinction  between 

the  first  and  second  rigid-body  criticals  because  of  the  closeness  of  these  two 

criticals. 
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It s h o u l d   b e   p o i n t e d   o u t   t h a t   t h e   b e a r i n g   d a m p i n g   v a l u e s   u s e d   i n   t h e   c a l c u l a t i o n  

of t h e  dynamic  bearing  loads of F igu re  11-20 are, r i g o r o u s l y   s p e a k i n g ,   v a l i d  

only  a t  12,000 rpm. A l s o , t h e   v a l u e s   o f   f l e x u r e   s t i f f n e s s   u s e d   i n   t h e   c a l c u l a t i o n s  

were d e s i g n   v a l u e s   a n d   d i d   n o t   i n c l u d e   p i v o t   z o n e   c o n t a c t   s t i f f n e s s e s .   H e n c e ,  

t h e   a b s o l u t e   v a l u e s   o f   b e a r i n g   f o r c e  are approximate  and  the  speeds a t  which 

t h e   c r i t i c a l   s p e e d s  are seen   t o   occu r   i n   F igu re   11 -20  are somewhat h ighe r   t han  

those  shown i n   F i g u r e  11-18. A t  the   speed   of   12 ,000  rpm i t  is s e e n   t h a t   t h e  . 

0.005  ounce-inches  of   unbalance  adds  approximately  2 .80  pounds  of   rotat ing  load 

t o   t h e   s t e a d y - s t a t e   l o a d i n g   o f   t h e  No. 1 journa l   bea r ing ,   and   approx ima te ly  

0 .85   pounds   o f   ro ta t ing   load   to   the  No. 2 j o u r n a l   b e a r i n g .  

I n   l i e u   o f   u s i n g   t h e   r i g o r o u s   a n a l y t i c a l   a p p r o a c h   d e s c r i b e d   i n   S e c t i o n  V of 

t h i s   r e p o r t ,  i t  has   been  common p r a c t i c e   t o   a n a l y z e ,   f o r   d e s i g n   p u r p o s e s ,   e a c h  

o f   t he   p ivo ted   pads  as a comple te ly   uncoupled   l inear   v ibra t ion   sys tem.   The  

resonant   f requency   of   each   poss ib le  mode o f   pad   v ib ra t ion  i s  ca l cu la t ed   based  

on a simple  one-degree-of-freedom  model. A m o r e - o r - l e s s   i n t u i t i v e   d e s i g n  

c r i t e r i o n   h a s   b e e n   t o   d e s i g n   t h e   p a d s   s u c h   t h a t   t h e   r e s o n a n t   f r e q u e n c y   o f  

e a c h   v i b r a t i o n  mode is  a t  l eas t  30 p e r c e n t   h i g h e r   t h a n   t h e  maximum o p e r a t i n g  

speed   of   the   machine .   This   impl ies   tha t   the   pads   should   be   ab le   to   t rack  

mot ions   o f   t he   ro to r   w i th  l i t t l e  phase   l ag .   Hence ,   the   dynamics   o f   the   pads  

should  have l i t t l e  e f f ec t   on   ro to r   dynamics .  

The  pad frequencies   which were computed are t h e   r o l l  and   p i t ch   r e sonan t  

f r e q u e n c i e s   o f   t h e   p a d   a g a i n s t   t h e   g a s - f i l m   s t i f f n e s s ,   a n d   t h e   r a d i a l   r e s o n a n t  

f requency   of   the   pad ,   p ivot -screw,   and   f lexure   assembly   aga ins t   the   gas- f i lm 

and f l e x u r e   s t i f f n e s s e s .   F i g u r e s  11-2  through  11-4 show c a l c u l a t e d   r a t i o s  of 

r o l l  and p i t c h   r e s o n a n t   f r e q u e n c i e s   t o   r o t o r   s p e e d   f o r   b o t h   t h e   l o a d e d   a n d  

u n l o a d e d   p a d s   ( a s s u m i n g   h o r i z o n t a l   r o t o r   o r i e n t a t i o n   i n  a 1-g g r a v i t a t i o n a l  

f i e l d ) .  It is s e e n   t h a t   t h e   p i t c h   r e s o n a n t   f r e q u e n c i e s   o f   t h e  No. 1 and No, 2 

bearing  pads are a l w a y s   g r e a t e r   t h a n  6 times r o t o r   s p e e d   f o r   a m b i e n t   p r e s s u r e s  

down t o  6.0 p s i a .   S i m i l a r l y ,   t h e   r o l l   r e s o n a n t   f r e q u e n c i e s   o f   t h e  No. 1 and 

No. 2 pads are a l w a y s   g r e a t e r   t h a n  twice r o t o r   s p e e d  a t  ambient   p ressures  down 

t o  6.0 p s i a .  

The c a l c u l a t e d   r a d i a l   r e s o n a n t   f r e q u e n c i e s   o f   t h e  No. 1 and No. 2 bear ing   pads  

were found  to   be  we l l  above   ro tor   speed   th roughout   the   14 ,400  rpm speed  range.  

The r e sponse   o f   t he   ro to r -bea r ing   sys t em  inc lud ing   t he   e f f ec t   o f   e l ec t romagne t i c  

f o r c e s  i s  d e s c r i b e d   i n   S e c t i o n  V o f   t h i s   r e p o r t .  

44 



NOTE: 
THE BEARING STIFFNESS 

IS BASED  ON A 35LB LOAD 
AND  OPERATION IN ARGON 
AT 300OF. BEARING  PRELOAD 
m = .612 AT  DESIGN  SPEED. 

IS BASED  ON  HORIZONTAL 
OPERATION IN A I -g  
GRAVITATIONAL FIELD 

CRITICAL  SPEED  CURVE 

I 05 106 

JOURNAL  BEARING STIFFNESS  (PER  BEARING) - LB/IN 

~ i ~ .  11-18 Critical Speed Versus  Journal Bearing 
Stiffness for Turboalternator Rotor 
Bearing  System 
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Bearinp  Cooling  Design 

The des ign   of  a s a t i s f a c t o r y   c o o l i n g  mechanism f o r   t h e   t u r b o a l t e r n a t o r   b e a r i n g  

system w a s  a task   which ,  i n  p a r t i c u l a r ,   i l l u s t r a t e s   t h e   i m p o r t a n c e  of c a r e f u l  

c o n s i d e r a t i o n . o f  a l l  t h e   v a r i o u s   i n t e r r e l a t e d   a s p e c t s   o f   t u r b o m a c h i n e r y   d e s i g n .  

The  problem was de f ined  as one   o f   ma in ta in ing   s a fe   gas -bea r ing   c l ea rances   wh i l e  

r emov ing   bea r ing   f r i c t ion   w i th   (1 )   an   accep tab le   t empera tu re  rise i n   t h e   b e a r i n g  

r eg ions ,  (2)  a minimum of  t h e r m a l   d i s t o r t i o n   o f   t h e   b e a r i n g   p a r t s ,   a n d  ( 3 )  a 

minimum of  system  power l o s s  f o r   a u x i l i a r y   b e a r i n g   c o o l a n t   f l o w s   ( i n   t h e   f o r m  

o f   e i t he r   b l eed   gas   t aken   f rom a low  tempera ture   par t   o f   the   thermodynamic   cyc le  

o r   e x t e r n a l l y   c i r c u l a t e d   l i q u i d   f l o w . )  

Maximum a l lowab le   bea r ing   r eg ion   t empera tu re  w a s  f i x e d  a t  400 F by t h e   i n s u l a t i o n  

o f   t he   l ead  wire f o r   t h e   b e a r i n g   s y s t e m   c a p a c i t a n c e   p r o b e s .  The b e a r i n g  materials 

t h e m s e l v e s   h a d   b e e n   s u c c e s s f u l l y   t e s t e d   f o r   s h o r t   p e r i o d s   o f  time a t  tempera tures  

up t o  500 F as d e s c r i b e d   i n   R e f e r e n c e  [ 22 ] .  

D u r i n g   t h e   i n i t i a l   s t a g e s   o f   d e s i g n i n g   t h e   t u r b o a l t e r n a t o r , i t  was qu ick ly  

apprec i a t ed   t ha t   t he   pe r fo rmance   o f   t he   bea r ing   coo l ing   sys t em would   be   s ign i f i -  

c a n t l y   a f f e c t e d  by t h e   a l t e r n a t o r   l o s s e s .  The  magni tude  and  or igin  of   these 

l o s s e s  were e v a l u a t e d   i n   d e t a i l  by t h e   a l t e r n a t o r   m a n u f a c t u r e r  as d e s c r i b e d   i n  

Reference [ 2 3 ] .  The thermal  model  which was u s e d   t o   e v a l u a t e   t h e   v a r i o u s   c o n c e p t s  

cons ide red   fo r   bea r ing   coo l ing   pu rposes   i nc luded   t he   fo l lowing   hea t   sou rces   and  

h e a t   s i n k s  : 

tu rb ine   wheel   and   tu rb ine   cas ings ,  

j o u r n a l   b e a r i n g   f r i c t i o n  l o s s  (two b e a r i n g s ) ,  

t h r u s t   b e a r i n g   f r i c t i o n  l o s s  (two bea r ings )  , 

a l t e r n a t o r   s t a t o r   e l e c t r i c a l   l o s s e s ,  

a l t e r n a t o r   r o t o r   e l e c t r i c a l   a n d   w i n d a g e   l o s s e s , a n d  

a l t e r n a t o r   c o o l a n t   s y s t e m  
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Afte r   eva lua t ion   o f   t he   va r ious   concep t s   unde r   cons ide ra t ion ,  a b a s i c a l l y  

conductive  mechanism w a s  c h o s e n   f o r   t r a n s f e r r i n g   t h e   j o u r n a l   b e a r i n g   l o s s e s   t o  

a l i qu id -coo led  heat s i n k .   T h i s  method w a s  s e l ec t ed   because  i t  incu r red  a minimum 

loss ,   f rom  overa l l   sys tem  s tandpoin t ,   and   because  a supp ly   o f   coo lan t   f l u id  w a s  

r e a d i l y   a v a i l a b l e   f r o m  the a l t e r n a t o r   c o o l i n g   s y s t e m .   F o r   t h i s  same reason ,a  

conductive  mechanism w a s  a l s o   s e l e c t e d   f o r   c o o l i n g   t h e   t h r u s t   b e a r i n g .  

The des ign  of t h e   c o o l i n g  mechanism,  which is  t h e  same f o r   e a c h   o f   t h e  two 

j o u r n a l   b e a r i n g s ,   c o n s i s t s   o f  an e l e c t r o d e p o s i t i o n  of copper   (118   inch   rad ia l  

t h i ckness )   i n   t he   bo re   o f   each   j ou rna l .   Th i s   p l a t ing   ex tends   approx ima te ly  

1-112 inches  beyond  each   end   of   the   ac tua l   journa l   bear ing   reg ion .  Heat gene ra t ed  

i n   t h e   b e a r i n g   f i l m  is  conduc ted   r ad ia l ly   t h rough   t he  s teel  j o u r n a l  and i n t o   t h e  

coppe r   p l a t ing .  The h e a t  i s  then   conducted   ax ia l ly   a long   the   copper  away from 

t h e   b e a r i n g  and then   conducted   rad ia l ly   back   th rough  the  s t e e l  j o u r n a l  and a c r o s s  

a c lose   c l ea rance   gap   t o   s t a t iona ry ,   l i qu id -coo led ,   hea t   s inks   wh ich   a r e   l oca t ed  

a t  each  end  of   both  bear ings.   These  heat   s inks are ma in ta ined   a t   app rox ima te ly  

200 F  by a f low  of   the same t y p e   o f   c o o l a n t   f l u i d   t h a t  is u s e d   f o r   c o o l i n g   t h e  

a l t e r n a t o r .   I n   a d d i t i o n   t o   r e m o v i n g   t h e   f r i c t i o n  loss h e a t   f r o m   t h e   j o u r n a l  

b e a r i n g s , t h e  two hea t   s inks   wh ich  are l o c a t e d   a d j a c e n t   t o   t h e   a l t e r n a t o r  remove, 

by   conduct ion   across  a s m a l l   a x i a l   c l e a r a n c e ,  a s i g n i f i c a n t   p r o p o r t i o n   o f   t h e  

p o l e   f a c e   e l e c t r i c a l   a n d   w i n d a g e   l o s s e s .  

P re l imina ry   ca l cu la t ions   pe r fo rmed  by MTI i n d i c a t e d   t h a t   p e a k   b e a r i n g  pad 

temperatures  would be  about  270 F and   peak   j ou rna l   t empera tu res ,   occu r r ing   a t  

the   mid-p lane   o f   the   bear ing ,   about  268 F. The temperature   gradient   f rom  the 

mid-p lane   to   the   ends   o f   the   bear ings  would be  about 4 F. More r e f i n e d   c a l c u l a -  

t i o n s  made by P&WA, u s ing  a computer   code ,   conf i rmed  these   ca lcu la t ions   to   be   as  

fo l lows  : 

Peak  Pad  Peak  Journal  Journal Temp. 
Temperature F Temperature F GradientOF 0 

No. 1 Bearing 292  288 6 

No. 2 Bearing 299 296 6 

The   thermal ly- induced   d i s tor t ion   o f   the   bear ings   which   resu l t s   f rom  the   ax ia l  

temperature   gradients   appears   in   the  form  of   crowning  and  amounts   to   approximately 

75   mic ro inches .   Th i s   shou ld   no t   cause   any   apprec i ab le   l o s s   i n   bea r ing   l oad -  

ca r ry ing   capac i ty .  

49 



While t h e   h e a t   s i n k s  are e q u i p p e d   w i t h   s e p a r a t e   c o o l a n t   i n l e t s   a n d   o u t l e t s   t h e s e  

s i n k s  are cons t ruc t ed  as an i n t e g r a l   p a r t   o f   t h e  member which i s  u s e d   t o   s u p p o r t  

each  bearing  assembly. It f o l l o w s   t h a t   t h e   t e m p e r a t u r e  of t h i s   s u p p o r t  member 

is l a r g e l y   d e t e r m i n e d  by the   t empera ture   o f   the   coolan t   which ,  a t  d e s i g n   p o i n t ,  

i s  200 F. The s e l e c t i o n   o f   t h e  material from  which  the  bear ing  support  was 

f a b r i c a t e d  was based  on a number o f   cons ide ra t ions .   P r imar i ly ,   t he  material 

should   be   nonmagnet ic   to   p revent   the   es tab l i shment   o f  a m a g n e t i c   f l u x   p a t h  

t h r o u g h   t h e   b e a r i n g   s y s t e m   t o   t h e   r o t o r   r a t h e r   t h a n   t h r o u g h   t h e   p o l e   f a c e s .  

An a l t e r n a t e   f l u x   p a t h   o f   t h i s   t y p e  would   be   expec ted   to   de t rac t   f rom  the  

a l te rna tor   per formance .   Secondly ,   the  material s h o u l d   e x h i b i t  good c o r r o s i o n  

r e s i s t a n c e   t o   t h e   c o o l a n t   w i t h   w h i c h   t h e  material would  be i n   c o n t a c t .   F i n a l l y ,  

t h e   c o e f f i c i e n t   o f   e x p a n s i o n   o f   t h e   s e l e c t e d  material s h o u l d   p e r m i t   t h e   r e t e n t i o n  

of e s s e n t i a l l y   c o n s t a n t   b e a r i n g   c l e a r a n c e   f o r  a l l  c o n d i t i o n s  of ope ra t ion .  To 

meet t h i s  l a t te r  r e q u i r e m e n t , i t  was n e c e s s a r y   t o   u s e  a material wi th   an   expans ion  

c o e f f i c i e n t   s u f f i c i e n t l y   i n   e x c e s s   o f   t h a t   p o s s e s s e d  by t h e   j o u r n a l   t o   o f f s e t  

t h e   d e s i g n - p o i n t   t e m p e r a t u r e   d i f f e r e n c e   o f   a p p r o x i m a t e l y  80 F t h a t   e x i s t e d  

between  the  journal   and  the  support .   The material s e l e c t e d   t o  meet a l l  of 

t hese   r equ i r emen t s  was a n   a u s t e n t i c   s t a i n l e s s  stee1,AMS 5646 ( t y p e  3 4 7 ) .  

An e s s e n t i a l   r e q u i r e m e n t  of t he   bea r ing   sys t em  des ign  is  t h e   r e t e n t i o n ,   w i t h i n  

a c c e p t a b l e  limits , of j o u r n a l   b e a r i n g   c l e a r a n c e   d u r i n g  th t h e r m a l   t r a n s i e n t s  

i n v o l v e d   i n   s t a r t - u p   a n d  shut-down  of t h e   t u r b o a l t e r n a t o r .   T h e s e  limits are 

i n t e n d e d   t o   p r e c l u d e   c o n t a c t   b e t w e e n   t h e   j o u r n a l   a n d   p a d s -   i n   t h e  case of 

minimum bea r ing   c l ea rance ,   and  pad f l u t t e r -   i n   t h e   c a s e  of   increased   bear ing  

c l ea rance .  To ensu re   t ha t   t he   c l ea rance  limits were not   exceeded ,severa l  

c a l c u l a t i o n s  were made of  t he   t he rma l   r e sponse   o f   t he   sys t em  to  a s t e p  change of 

ze ro   t o   12 ,000  RPM. The f i r s t   c a l c u l a t i o n  assumed t h a t   t h e   b e a r i n g   h e a t   e x c h a n g e r s  

were no t   supp l i ed   w i th   coo lan t .  The r e s u l t s  showed t h a t   t h e   r e s p o n s e   o f   t h e  

b e a r i n g   s u p p o r t   l a g g e d   t h a t   o f   t h e   j o u r n a l  by a considerable   amount ,and 

n e g l e c t i n g   t h e   e f f e c t   o f   t h e   f l e x i b l e   p i v o t   s u p p o r t s ,   t h e  minimum c l e a r a n c e  

cr i ter ia  may well  be   exceeded .   The   second  ca lcu la t ion   a l lowed  for   the  

i n t r o d u c t i o n  of l i q u i d   c o o l a n t  a t  des ign-poin t   t empera ture ,and   f low rate t o  

t h e   b e a r i n g   h e a t   e x c h a n g e r s   a t   t h e  time t h e   t u r b o a l t e r n a t o r  was s t a r t e d .  The 

r e s u l t s  of t h i s   c a l c u l a t i o n  showed t h a t   t h e   t r a n s i e n t   b e a r i n g   c l e a r a n c e s  would 

b e   w i t h i n   a c c e p t a b l e  limits. The r e sponse   o f   t he   bea r ing   suppor t  w a s  s t i l l ,  
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however ,   ra ther   s low.  To improve th i s   response ,   and   thereby   improve   bo th   the  

f l e x i b i l i t y   o f   o p e r a t i o n   a n d   a l l o w   f o r   b e a r i n g   c l e a r a n c e   a d j u s t m e n t s   t o   b e  made 

d u r i n g   o p e r a t i o n ,   t h e   d e s i g n   o f   t h e   b e a r i n g   s u p p o r t  was  modif ied,   This   modif ica-  

t i on   i n t roduced   pas sages   (on   e i the r   s ide   o f   t he   p ivo t   and   w i th in   t he  body  of  the 

bea r ing   suppor t )   t h rough   wh ich   l i qu id   coo lan t   cou ld   be   pas sed   i ndependen t   o f   t he  

c o o l a n t   f l o w   t o   t h e   b e a r i n g   h e a t   e x c h a n g e r s .   C a l c u l a t i o n s   b a s e d   o n   t h i s ,   t h e  

f i n a l   d e s i g n ,  showed tha t   t he   r e sponse   o f   t he   bea r ing   suppor t   wou ld   be   improved  

by a fac tor   o f   be tween 2 and 3 when c o o l a n t   a t   d e s i g n   p o i n t - t e m p e r a t u r e  was  passed 

t h r o u g h   t h e s e   p a s s a g e s   a t   t h e  time t h e   t u r b o a l t e r n a t o r  was s t a r t e d .  The p o s i t i o n  

and   ex ten t   o f   the   bear ing   hea t   exchangers  may b e   s e e n   i n   F i g u r e  1. 

The s t e a d y - s t a t e   a n d   t r a n s i e n t   t h e r m a l   a n a l y s e s   a n d   t h e   d e t a i l   d e s i g n   o f   t h e  

jou rna l   bea r ing   coo l ing   sys t em was performed by P r a t t  and  Whitney A i r c r a f t .  

I n i t i a l   v e r i f i c a t i o n   o f   t h e   t e c h n i q u e s   r e q u i r e d   t o   e l e c t r o p l a t e   t h e   b o r e   o f   t h e  

jou rna l s   w i th   an   ex t r eme ly   heavy   depos i t i on   o f   coppe r  was l ikewise  performed by 

P r a t t  and  Whitney A i r c r a f t .  

When des ign ing   t he   ma in   t h rus t -bea r ing ,   ca l cu la t ions   i nd ica t ed   t ha t   gas   coo l ing  

would r e s u l t   i n   u n a c c e p t a b l e   t e m p e r a t u r e   g r a d i e n t s   a n d ,   h e n c e ,   t h e r m a l   d i s t o r -  

t i o n   o f   t h e   t h r u s t - p l a t e .  The u s e   o f   l i q u i d   c o o l i n g   a l l e v i a t e d   t h e s e   p r o b l e m s  

and   t he   dec i s ion  was  made, t h e r e f o r e ,   t o   u s e  a l iquid-cooled  hydrodynamic 

t h r u s t - b e a r i n g   f o r   t h e   t u r b o a l t e r n a t o . : .  The d e s i g n   o f   t h e   t h r u s t   p l a t e   u t i l i z e s  

a welded   a luminum  cons t ruc t ion   conta in ing   in te rna l   annular   passages   th rough 

which   the   coolan t   can   be   passed .  

F i g u r e  1 1 - 2 1  shows t h e   e f f e c t   o f   c o o l a n t   f l o w   r a t e  on   p re s su re   d rop ,   coo lan t  

t empera tu re   r i s e ,   and   ave rage   t empera tu re   d i f f e rence   be tween   t he   coo lan t   and   t he  

aluminum t h r u s t   p l a t e .  The  curves  are  based  on a f r i c t i o n  loss of   0 .13 HP 

which i s  t h e  combined  hydrostat ic-hydrodynamic  bear ing loss a t  12,000 rpm f o r   a n  

85 pound t h r u s t   l o a d   ( i . e . ,   f o r  a f i l m   t h i c k n e s s   o f  1.1 m i l s ) .  Under zero-g 

o p e r a t i n g   c o n d i t i o n s  when t h e   t h r u s t   l o a d  w i l l  reduce  to  about  30  pounds  and tk 

combined  bearing loss t o  0.075 HP, t h e   t e m p e r a t u r e   d i f f e r e n c e s  shown on Figure  

1 1 - 2 1   w o u l d   b e   r e d u c e d   i n   d i r e c t   p r o p o r t i o n   t o   t h e   r e d u c t i o n   i n   f r i c t i o n  l o s s .  
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F o r   t h e   p u r p o s e s   o f   d e s i g n ,   t h e   c o o l a n t   f l u i d  was  assumed t o   b e  G.E. Vers i lube  

F-50.  With a nominal  flow  of 150 pounds  per  hour,  i t  i s  seen   f rom  F igure  11-2  

t h a t   t h e  aluminum t h r u s t   p l a t e  w i l l  r un   abou t  13.5 F above   the   average   coolan t  

tempera ture .   The   coolan t   t empera ture  r ise  and   pressure   d rop  w i l l  be  about 6 . 0  S F  
and 1.0 p s i   r e s p e c t i v e l y .  As a r e s u l t   o f   t h e  aluminum  construct ion  mater ia l   and 

the   sma l l   t empera tu re  r i se  o f   t h e   c o o l a n t   f l u i d ,   t h e r m a l   d i s t o r t i o n  of t h e   b e a r -  

i n g   s u r f a c e   d u e   t o   r a d i a l   a n d   c i r c u m f e r e n t i a l   t e m p e r a t u r e   g r a d i e n t s   s h o u l d   b e  

n e g l i g i b l e .   D i s h i n g   o f   t h e   b e a r i n g   s u r f a c e   d u e   t o   t h e   a x i a l   h e a t   t r a n s f e r  

t empera tu re   g rad ien t   shou ld   be  less than  90 micro- inches .   This  i s  a q u i t e  

a c c e p t a b l e   c o n d i t i o n .  
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COOLANT  FLOW RATE,  LB/HR 

Fig. 11-21 Liquid Cooled  Thrust  Bearing Operating 
Characteristics Versus Coolant Flow Rate 
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Journal  Bearing  Adjustment  and  Assembly Details 

Dur ing   assembly   of   the   tu rboa l te rna tor ,  i t  w i l l  b e   n e c e s s a r y   t o   a d j u s t   t h e  

b e a r i n g s   a t   z e r o   s p e e d   a n d  room temperature   to   dimensions  which w i l l  g i v e   t h e  

c o r r e c t   c l e a r a n c e   a t   d e s i g n   o p e r a t i n g   c o n d i t i o n s .  The s p e c i f i c   v a l u e   o f   c l e a r -  

ance  to  be  used  on  assembly i s  dependent   on   the   in tended   opera t ing   va lues   o f  

bea r ing   ambien t   p re s su re ,   t empera tu re ,   gas   l ub r i can t   and   j ou rna l   bea r ing   l oad .  

The va lues   o f   s e t -up   c l ea rance   p re sen ted   i n   Tab le   11 -6   and   F igu re   11 -22   a r e ,  

t h e r e f o r e ,   i n t e n d e d   t o   p e r m i t  optimum per formance   under   the   condi t ions   spec i -  

f i e d .  However, u s ing   t he   ave rage   va lue   o f   bea r ing   a s sembly   d i ame t ra l   c l ea r -  

ance w i l l  r e s u l t   i n   s a t i s f a c t o r y   t u r b o a l t e r n a t o r   b e a r i n g   c l e a r a n c e   u n d e r  

both   1 -g   and   zero-g   condi t ions   o f   opera t ion .  

I n   a d d i t i o n   t o   t h e   a d j u s t m e n t s   n e c e s s a r y   t o   a c h i e v e   t h e   r e q u i r e d   b e a r i n g  

c l e a r a n c e   a t   d e s i g n - p o i n t   c o n d i t i o n s ,   t h e   b e a r i n g s   m u s t   a l s o   b e   a d j u s t e d   t o  

m a i n t a i n   t h e   r o t o r   c o n c e n t r i c   w i t h i n   t h e   t u r b i n e   l a b y r i n t h s  , heat-exchanger  

b o r e s   a n d   t h e   a l t e r n a t o r   s t a t o r .  The concen t r i c i ty   ad jus tmen t s   necessa ry  

f o r   i n t e n d e d   o p e r a t i o n   i n  a z e r o - g   g r a v i t a t i o n a l   f i e l d   a r e ,   l i k e   t h e   b e a r i n g  

c l ea rance   ad jus tmen t s ,   d i f f e ren t   f rom  those   r equ i r ed   fo r   ho r i zon ta l   ope ra t ion  

i n  a 1-g g r a v i t a t i o n a l   f i e l d .  The r e a s o n s   f o r   t h i s   d i f f e r e n c e   a r e   t w o f o l d .  

P r imar i ly ,   t he   uppe r   and   l ower   p ivo t   suppor t   s t i f fnes s   a r e   unequa l   and ,   s econd ly ,  

t h e   h o r i z o n t a l   o p e r a t i o n   i n  a 1-g g r a v i t a t i o n a l   f i e l d   i n v o l v e s  a l a r g e r   b e a r i n g  

l o a d   w h i c h   r e s u l t s   i n   a n   i n c r e a s e   i n   b e a r i n g   e c c e n t r i c i t y .  However,  using 

the   ave rage   va lue  of the   d imens ion   be tween  the   geometr ic   cen ter   o f   the   bear ing  

c l e a r a n c e   p r o f i l e  and the   geomet r i c   cen te r  o f  t h e   t u r b o a l t e r n a t o r  w i l l  r e -  

s u l t   i n   s a t i s f a c t o r y   t u r b o a l t e r n a t o r   r o t o r   c o n c e n t r i c i t y   u n d e r   b o t h   1 - g   a n d  

ze ro -g   cond i t ions   o f   ope ra t ion .  

When mak ing   t he   bea r ing   ad jus tmen t s   fo r   concen t r i c   ope ra t ion   i n   bo th  a zero-g 

g r a v i t a t i o n a l   f i e l d  and h o r i z o n t a l   o p e r a t i o n   i n  a 1-g g r a v i t a t i o n a l   f i e l d   a t  

t h e   d e s i g n   p o i n t   c o n d i t i o n s   g i v e n   i n   T a b l e   1 1 - 6 ,   t h e   f o l l o w i n g   s t e p s   s h o u l d  

be  taken:  
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1)  The t u r b o a l t e r n a t o r   s h o u l d   b e   i n   t h e   v e r t i c a l   p o s i t i o n   ( p r e f e r a b l y  

t u r b i n e  end down) w i t h   t h e   t h r u s t   r u n n e r   a n d   t h e   t u r b i n e   w h e e l  

a c c e s s i b l e .  

2)  The r e v e r s e   t h r u s t   b e a r i n g   j a c k i n g   g a s   s h o u l d   b e   t u r n e d   o n ,   a n d   t h e  

ground- to-shaf t   and   pad   to   shaf t   p robes   connec ted .   The   probe   s igna ls  

should  be  displayed  on C R O ' s  a t  a s e n s i t i v i t y   o f  50 MVICM. 

3) The b e a r i n g   c l e a r a n c e   p r o f i l e   d i s p l a y e d   o n   t h e  CRO's  (a s q u a r e   f o r  a 

4 pad  bear ing)   as   observed  by the   g round- to - sha f t   p robes ,   shou ld   be  

e s t ab l i shed .   Th i s   can   be   accompl i shed  by moving t h e   r o t o r   s h a f t   w i t h -  

i n   t h e  limits allowed by t h e   b e a r i n g   c l e a r a n c e .  

4 )  The p o s i t i o n   o f   a l l  4 pads   shou ld   be   ad jus t ed   un t i l   t he   geomet r i c  

c e n t e r   o f   t h e   c l e a r a n c e   p r o f i l e  i s  p o s i t i o n e d   r e l a t i v e   t o   t h e   g e o -  

metric c e n t e r  of t h e   t u r b o a l t e r n a t o r  by t h e   d i s t a n c e   g i v e n   i n   T a b l e  

11-6.  

5) Ensure   t ha t   t he  amount   of   bear ing  c learance i s  in   acco rdance   w i th  

the   va lues   g iven   i n   Tab le   11 -6 .  A check   of   these   va lues  i s  adv i s -  

a b l e   a f t e r   t h e   p i v o t   l o c k n u t s   h a v e   b e e n   t i g h t e n e d .  

The  dimensions  given  in   Table   11-6  and  Figure  11-22  for   bear ing  diametral   c lear-  

a n c e   a n d   r o t o r   p o s i t i o n i n g   a s s u m e   t h a t  NO LOAD is  imposed  on the   bea r ing   pads  

dur ing   bear ing   ad jus tment ,   hence   the  .recommended v e r t i c a l   o r i e n t a t i o n   o f   t h e  

r o t o r   d u r i n g   t h i s   o p e r a t i o n .   I n   t h e   e v e n t   t h a t   a n   a s s e m b l y   t e c h n i q u e  i s  r equ i r ed  

which w i l l  permit   adjustment   of   the   pads when t h e   t u r b o a l t e r n a t o r  i s  i n  a h o r i -  

z o n t a l   p o s i t i o n   w i t h   t h e   r o t o r   w e i g h t   b e i n g   s u p p o r t e d  by the   pads ,   t he   g iven  

bear ing   and   concent r ic i ty   ad jus tment   d imens ions   mus t   be   rev ised .   This   rev is ion  

m u s t   a c c o u n t   f o r   t h e   i n i t i a l   d e f l e c t i o n   o f   t h e   l o a d e d - p a d   p i v o t   s u p p o r t s   d u e   t o  

the   l oad  imposed by t h e   r o t o r .  

The journa l   bear ing   assembiy   d imens ions   g iven   in   Table   11-6   and   F igure   11-22  

f o r   o p e r a t i o n   i n  a z e r o - g   g r a v i t a t i o n a l   f i e l d  w i l l  a l l o w   s a t i s f a c t o r y ,   b u t   n o t  

optimum, o p e r a t i o n   i n   t h e   h o r i z o n t a l   p o s i t i o n   i n  a 1-g g r a v i t a t i o n a l   f i e l d .  

The r o t o r   d u r i n g   h o r i z o n t a l   o p e r a t i o n  w i l l  be   approximately 0.5 m i l s  e c c e n t r i c  

t o   t h e   a l t e r n a t o r   g e o m e t r i c   c e n t e r   a n d   t h e   d i a m e t r a l   b e a r i n g   c l e a r a n c e  w i l l  be 

a p p r o x m a t e l y  0.2 m i l s  less than  optimum.  Conversely,   adjustments made f o r   h o r i -  

z o n t a l   o p e r a t i o n   i n  a 1 - g   g r a v i t a t i o n a l   f i e l d  w i l l  a l l o w   s a t i s f a c t o r y ,   b u t   n o t  
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optimum, bea r ing   pe r fo rmance   i n  a z e r o - g   g r a v i t a t i o n a l   f i e l d .  

It s h o u l d   b e   n o t e d   t h a t   t h e   t u r b o a l t e r n a t o r   b e a r i n g   s y s t e m  may b e   o p e r a t e d   s a t i s -  

f a c t o r i l y   u n d e r   c o n d i t i o n s   w h i c h   r e s u l t   i n   i n c r e a s e d   d i a m e t r a l   b e a r i n g   c l e a r a n c e s  

a n d   c o n s i d e r a b l e   e c c e n t r i c i t y   b e t w e e n   r o t o r   a n d   s t a t o r .  The e x t e n t   o f   t h e s e  

d e v i a t i o n s   a s   e x p e r i e n c e d   d u r i n g   t h e   r o t o r - b e a r i n g - a l t e r n a t o r   s i m u l a t o r  tes t  

p rogram  a re   d i scussed   i n   Sec t ion  V I 1  o f   t h i s   r e p o r t .  

From the  foregoing  comments,  i t  w i l l  b e   a p p a r e n t   t h a t   t h e   c l e a r a n c e   p r o f i l e ,  

a s   d e s c r i b e d  by t h e   g r o u n d - t o - s h a f t   p r o b e s   w i t h   t h e   t u r b o a l t e r n a t o r   a t  7 0  F and 

zero   speed ,  w i l l  c h a n g e   a s   t h e   t u r b o a l t e r n a t o r   a t t a i n s   d e s i g n - p o i n t   o p e r a t i n g  

c o n d i t i o n s ,   o r   a l t e r n a t i v e l y ,  i s  s u b j e c t e d   t o   o f f   d e s i g n - p o i n t   c o n d i t i o n s .   F o r  

t h i s   r e a s o n ,  it i s  adv i sab le   t o   mon i to r   bea r ing   pe r fo rmance   u s ing   t he   f i lm   t h i ck -  

ness   d imens ions   ob ta ined   f rom  the   pad- toyshaf t   capac i tance   p robes   ra ther   than  

the  performance a s  i n d i c a t e d  by the   g round- to - sha f t   capac i t ance   p robes .  

0 
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TABLE 11-6 

JOURNAL BEARING  SET UP DIMENSIONS FOR CONCENTRIC 

OPERATION  UNDER  DESIGN  POINT  CONDITIONS 

Design-point  conditions  for  horizontal  or  vertical  operation in either  1-g or 

zero-g  gravitational  fields are as  follows: 

Speed ( R P M )  

Gas 

Temperatures 

Bearing  Journals (OF) 

Bearing Pads (OF) 

Bearing  Supports ( F) 

Ambient  Pressures  (PSIA) 

0 

12,000 RE" 
Argon 

#l Bearing #2 Bearing 
288 296 

292 299 

200 200 

10.5 12.0 

For  horizontal  operation in a 1-g gravitational  field,  the  assembly  dimensions  at 

70 F are as follows (see  also Figure 11-22): 

111 Bearing 

Bearing  Assembly  Diametral  Clearance 
(Mils) 1.8 

Geometric  Center of the Bearing  Clearance 
Profile  Relative to the  Geometric 
Center of the  Turboalternator  (Mils) 0.09 (High) * 0.08 (High) * 

#2  Bearing 

1 . 7  

For  operation in a  zero-g  gravitational  field,  the  assembly  dimensions  at 70 F are 
as follows  (see also  Figure 11-22): 

Bearing  Assembly  Diametral  Clearance 
(Mils) 

#1 Bearing 

1.65 

#2 Bearing 

1.54 

Geometric  Center of the  Bearing  Clearance 
Profile  Relative to  the  Geometric 
Center  of  the  Turboalternator  (Mils) 0.50 (Low) * 0.54 (Low)* 

Design  performance  values  associated  with  the  above  setup  clearances  are  given 

in  Table 11-2. 

*The  terms  high  and  low denote  the  direction  toward  the  upper and  lower  pads 
respectively. 
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CL Turboalternator 

I ,  Bearing  Diametral 
Geometric  Center of 
Clearance  Profile 
A s  Displayed  on 
C.R.O. 

-+ 

Clearance 
#1 Brg. 0.0018 
t 2  Erg. 0.0017 

Bearing  Diametral 
Clearance 
#1 Brg. 0.0018 
t 2  Erg. 0.0017 

Geometric  Center of 
Clearance  Profile 
A s  Displayed  on 
C.R.O. 

-+ 
Rotor  Position -fy CL  Turboalternator 

#1 Brg. O.OOOO~ 
1112 Brg. 0.00008 

Geometric  Center of  Turboalternator 
as  Determined  by  Ground  to  Shaft  Probes 

I 
Loaded  Pads t 

a> Set  Up  Dimensions  for  Horizontal 
Operation  in  a  1-g  Acceleration  Field 

CL Turboa  It  erna  tor 

Rotor  Position Bearing  Diametral 
Clearance 
#I Brg.  0.00165 
#2 Brg.  0.00154 

81 Erg. 0.00050 
f 2  Brg. 0.00054 

I / yy / c~ Turboalternator 

\ /  

Geometric  Center of  Turboalternator 
A s  Determined  by  Ground  to  Shaft 
Probes Geometric  Center of 

Clearance  Profile  as 
Displayed  on  C.R.O. 

Loaded  Pads 

b) Set  Up  Dimensions  €or  Operation 
in  a  0-g  Acceleration  Field 

Fig. 11-22 Turboalternator  Journal  Bearing  Set-Up  Data 
for  Optimum  Performance  at  Design  Point 
Operating  Conditions 

sa 



Bear ing   Sys tem  Fabr ica t ion  Materials 

The materials s e l e c t e d   f o r   t h e   b a s i c   b e a r i n g   p a r t s  are l i s t e d  below. 

Ro to r   Jou rna l s  AMs 6294 C (AISI  4620) 

Pivoted  Pads M-1 T o o l   S t e e l  

P i v o t s  M-1 T o o l   S t e e l  

P ivo t   Suppor t s  AMs 6370D (AISI  4130) 

Thrust   Bearing  Housing AMs 56463  (AIS1  347) 

T h r u s t   P l a t e  AMs 4027C (6061 Aluminum) 

Thrus  t-Runner AMs 6415F  (AIS1  4340) 

The b a s i s   f o r   s e l e c t i o n   o f   t h e   a b o v e  materials is as fo l lows:  

1. 

2. 

3. 

4. 

Ro to r   Jou rna l s  

The j o u r n a l s  are a n   i n t e g r a l   p a r t   o f   t h e   a l t e r n a t o r   r o t o r .   H e n c e , a l t e r n a t o r  

c o n s i d e r a t i o n s ,   s u c h  as m a g n e t i c   p r o p e r t i e s   a n d   f a b r i c a t i o n   t e c h n i q u e s ,  

d i c t a t e d   t h e   c h o i c e   o f  AMs 6294C j o u r n a l  material. 

Pivoted-Pads 

The use   o f  M-1 t o o l  s teel  ha rdened   t o  RC 58 has   p roved   success fu l   i n   p rev ious  

designs  employing  pivoted-pad  journal   bear ings.  

P i v o t s  

P r e v i o u s   e x p e r i e n c e   h a s   d e m o n s t r a t e d   t h e   s u i t a b i l i t y   o f   u s i n g  M-1 t o o l  s t e e l  

a g a i n s t  M-1 t o o l  s teel  f o r   p i v o t   c o n f i g u r a t i o n   o p e r a t i n g  a t  tempera tures  

up t o  500 F and  with stress l eve l s   i n   t he   con tac t - zone   o f   app rox ima te ly  

100 ,000   lb / in .  . The   u se   o f   an   e l ec t ro f i lm   coa t ing   on   one   o r   bo th   o f   t he  

components  has  proved  helpful i n   i n h i b i t i n g   c o r r o s i o n   o f   t h e   p i v o t   c o n t a c t  

zone. 

P ivot   Suppor t   F lexures  

AMs 6370D (AISI 4130) steel ha rdened   t o  Rc 32-36 and  shot  peened i n   t h e  

reg ion   of  m a x i m u m  stress w a s  s e l e c t e d   f o r   t h e   f l e x u r e  material because  of  

i t s  h i g h   f a t i g u e   s t r e n g t h   a n d  good s t a b i l i t y .   S i l v e r   p l a t i n g  is used   fo r  

p r o t e c t i o n   a g a i n s t   c o r r o s i o n .  
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5. 

6 .  

7. 

Thrust  Bearing  Housing 

AMs 56463 (AISI 3 4 7 )   s t a i n l e s s  s t ee l  was s e l e c t e d  s o  t h a t   c o r r o s i o n   o f   t h e  

i n t e r n a l   g a s   p a s s a g e s   t o   t h e   h y d r o s t a t i c   b e a r i n g   w o u l d   n o t   b e  a problem. The 

the rma l   expans ion   coe f f i c i en t   o f   t h i s   ma te r i a l   a l so   ma tches   t ha t   o f   t he   j ou rna l  

bear ing   suppor t   to   which  it  i s  a t t a c h e d .  

T h r u s t   P l a t e  

The m a t e r i a l   p r o p e r t i e s   r e q u i r e d   f o r   t h i s  item a r e   t h o s e   o f  low d e n s i t y   f o r  

dynamic  t racking  reasons , h i g h   t h e r m a l   c o n d u c t i v i t y   f o r   h e a t - t r a n s f e r   r e a s o n s  , 
and  h igh   d imens iona l   s tab i l i ty   for   bear ing   per formance   reasons .   These   re -  

q u i r e m e n t s   w e r e   s a t i s f i e d  by the   use   o f  AMs 4027C (6061  Aluminum). 

Thrust  Runner 

For   rotor   dynamic  reasons,  i t  was necessa ry   t o   u se  a reasonably   heavy   th rus t  

runne r .  AMs 6415F (AISI 4340) a l l o y   s t e e l  i s  a good s t a b l e   m a t e r i a l   w h i c h  

s a t i s f i e s   a l l   b e a r i n g   r e q u i r e m e n t s   a n d   w h i c h   c a n   b e   r e a d i l y   i n t e r f a c e d   w i t h  

t h e   r o t o r   d e s i g n .  T h e   m a g n e t i c   p r o p e r t i e s   o f   t h i s   m a t e r i a l   f a c i l i t a t e   t h e  

u s e  of   e lec t romagnet ic   p ick-upfor   the   measurement   o f   ro tor   speed .   Corros ion  

p r o t e c t i o n  i s  e f f e c t e d  by means o f   n i c k e l   p l a t i n g .  

A number o f   O- r ings   a r e   u sed   i n   t he   bea r ing   sys t em  a s sembly .   The   f i r s t   o f  

t h e s e ,   a s  shown i n   F i g .  11-6 ,  i s  u s e d   a s  a check   va lve   i n   t he   gas   supp ly   fo r   t he  

j o u r n a l   b e a r i n g   h y d r o s t a t i c   l i f t - o f f   s y s t e m .   T h i s   v a l v e   p r e v e n t s   b a c k - f l o w ,  

and  hence loss o f   l oad   capac i ty ,  when the   bea r ings   a r e   runn ing   hydrodynamica l ly .  

The second   O- r ing   s ea l s   t he   pad   p ivo t   cav i ty   t o   p reven t   by -pass   l eakage   o f   t he  

supply   gas   dur ing   hydros ta t ic   l i f t -of f   opera t ion .   Dur ing   hydrodynamic   opera t ion ,  

t h e r e  i s  no p r e s s u r e   d i f f e r e n t i a l   a c r o s s   t h i s   s e a l .  The t h i r d   O - r i n g   e f f e c t s  a 

s e a l  be tween  the   bear ing   suppor t   and   each   p ivot -suppor t .   This   sea l   ensures  

t h a t   t h e   s m a l l   g a s   c o o l i n g   f l o w ,   w h i c h   c i r c u l a t e s   t h r o u g h   t h e   t u r b o a l t e r n a t o r ,  

passes   between  the  journals   and  the  heat-exchangers .  

Each  of  these  O-rings i s  manufactured  from a f luoro-elostomer  (Viton)   which 

i s  s u i t a b l e   f o r   l o n g - t e r m   o p e r a t i o n   a t   t e m p e r a t u r e s   u p   t o   4 5 0  F and  hence 

s h o u l d   b e   s a t i s f a c t o r y   f o r  t h e  pad  temperatures  of  approximately 300 F expected 

i n   t h i s   a p p l i c a t i o n .  
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Bear ing   Su r fac ing   Ma te r i a l s  

Gas- lubricated  bear ings  have  no  boundary  lubricat ion  safeguards.  It i s ,  

t h e r e f o r e ,   e x t r e m e l y   i m p o r t a n t   t h a t   t h e   b e a r i n g   s u r f a c e s   b e   o f   h i g h l y   c o m p a t i b l e  

m a t e r i a l s ,  so t h a t   i n c i d e n t a l   h i g h - s p e e d   c o n t a c t s   d u e   t o   s h o c k ,   v i b r a t i o n ,   p a s s a g e  

of   d i r t   th rough  the   bear ing ,   o r   improper   use   o f   the   machine  w i l l  n o t   r e s u l t   i n  

s e r i o u s  damage t o   t h e   r o t o r - b e a r i n g   s y s t e m .  Also, where i t  i s  in tended   to   omi t  

t he   u se   o f   hydros t a t i c   j ack ing   o f   t he   j ou rna l   bea r ings   (wh ich  is  necessary   wi th  

t h e   p r e s e n t   d e s i g n   f o r   o p e r a t i o n   i n  a z e r o - g   g r a v i t a t i o n a l   f i e l d ) ,   t h e   b e a r i n g  

s u r f a c e s   m u s t   b e   c a p a b l e   o f   s u r v i v i n g   s l i d i n g   c o n t a c t   o v e r   a n   a p p r e c i a b l e  

number o f   s t a r t s   a n d   s t o p s   w i t h o u t  damage o r   s i g n i f i c a n t   w e a r .  

It was known t h a t   t h e   c o m p a t i b i l i t y   o f   t h e   b e a r i n g   s u b s t r a t e   m a t e r i a l s ,   a s  

de f ined   i n   t he   p reced ing   subsec t ion ,   wou ld   no t   be   accep tab le   fo r   t he   s l i d ing  

and  high-speed  contact   condi t ions  of   operat ion.   The  mat ing  surfaces   in   each 

o f   t h e   j o u r n a l   a n d   t h r u s t   b e a r i n g s  were t h e r e f o r e   c o a t e d   w i t h  a flame-sprayed  de- 

p o s i t i o n   o f  chrome  oxide, a m a t e r i a l   w h i c h   i n   p r e v i o u s  t e s t s  ( s e e  Reference[22]) 

trlas found t o  b e   s u i t a b l e   f o r   t h e   s e r v i c e   c o n d i t i o n s   i n v o l v e d .  

Bearing  System  Instrumentat ion 

Successful  and  rapid  development  of  advanced  high-speed  gas-bearing  turbomachinery 

r e q u i r e s   t h a t   t h e   s t a t i c  and  dynamic  behavior  of  the  rotor-bearing  system  be 

mon i to red   w i th   p rec i s ion   du r ing   t he  t e s t  a n d   e v a l u a t i o n   p h a s e s .   I n   p a r t i c u l a r ,  

t he   ro to r -bea r ing   sys t em  in s t rumen ta t ion   mus t  

1. p r o v i d e   d a t a   f o r   q u a n t i t a t i v e   e v a l u a t i o n   o f   o v e r a l l   p e r f o r m a n c e ,  

2 .  p rovide   da ta   for   de ta i led   eva lua t ion   of   component   per formance   and  

for   ref inement   of   component   design,   and 

3 .  i nd ica t e   whe the r   o r   no t   t he   equ ipmen t  i s  i n  a s a f e  mode of   operat ion.  

To measure s t a t i c  and   dynamic   bear ing   f i lm  th icknesses   in   the   p ro to type   tu rbo-  

a l t e rna to r ,   d i sp l acemen t   measu r ing   i n s t rumen ta t ion  was se lec ted   based   on  
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measuring e lec t r ica l  c a p a c i t a n c e   b e t w e e n   t h e   t i p   o f  a capac i t ance  probe and   t he  

moving s u r f a c e   o f   t h e   j o u r n a l   a n d   t h r u s t   b e a r i n g s .   S p e c i f i c a l l y ,  a capac i t ance  

1 system  based  on  the Wayne-Kerr Model DM 100  Distance Meter w a s  s e l e c t e d   f o r   t h e  

fo l lowing   reasons :  

1. c a l i b r a t i o n   o f   t h e  combined  transducer  and  readout  system is  ext remely  

s t a b l e   w i t h  time and   tempera ture ;  

2. t h e   c a l i b r a t i o n   f a c t o r  is  e s s e n t i a l l y   c o n s t a n t   o v e r  a wide  range  of 

p r o b e   c l e a r a n c e   g a p   ( i . e . ,   o u t p u t  is  l i n e a r   o v e r  a wide  displacement  

r ange )   and   hence ,   r eca l ib ra t ion  is no t   r equ i r ed   each  t i m e  t h e   t r a n s d u c e r  

probes are reset;  

3. t h e   c a l i b r a t i o n   f a c t o r  is  e s s e n t i a l l y   c o n s t a n t   o v e r  a wide  range of 

t empera tu re   ( i . e . ,   f rom 75 t o  700 F) - o n l y   s l i g h t   c h a n g e s   i n  

c a l i b r a t i o n   o c c u r  up t o   1 2 0 0  F; 

4 .  h i g h   s e n s i t i v i t i e s  are poss ib le ,   ranging   f rom 0.2 v o l t s   p e r  m i l  t o  

0 .1  v o l t s   p e r  m i l  f o r   t h e   c a p a c i t a n c e   p r o b e s   s e l e c t e d   f o r   t h e   t u r b o -  

a l t e r n a t o r ;  

5 .   f requency  response,   though  not   outs tanding,  was a d e q u a t e   f o r   t h e  

a p p l i c a t i o n  - b e i n g   f l a t   t o   a p p r o x i m a t e l y  6,000 h e r t z ;  

6. t he   capac i t ance   p robe  is  una f fec t ed  by magne t i c   f i e lds ;   and  

7. t he   capac i t ance   p robes   cou ld   be  made ve ry  small, l i g h t  and  rugged. 

I n  order   to   adequate ly   measure   bear ing   sys tem  per formance ,  a t o t a l  of 2 1  

capac i tance   p robes  were inco rpora t ed   i n to   t he   bea r ing   sys t em  des ign   t o   measu re  

(1) t h r u s t   b e a r i n g   f i l m   t h i c k n e s s ,  (2)  o r b i t a l   m o t i o n  of t h e  two j o u r n a l s ,   a n d  

(3 )   ac tua l   f i lm   t h i ckness   be tween   t he   e igh t   p ivo ted -pads   and   t he   j ou rna l s  a t  a 

p o i n t   c l o s e   t o   t h e   p i v o t   l o c a t i o n .   I n   a d d i t i o n ,   s e v e r a l   p r o b e s  were inco rpora t ed  

t o  measure  dynamic  motions  of   several   of   the   pads  and  of   the main t h r u s t  

s t a t o r   r e l a t i v e   t o   t h e   " f i x e d "   b e a r i n g   h o u s i n g s .  

Loca t ions   o f   t he   va r ious   capac i t ance   p robes  are l i s t e d   i n   T a b l e  11-7. F igu res  

11-23 and 11-24 show l o c a t i o n  of t h e   p r o b e s   i n   t h e  No. 1 and No. 2 j o u r n a l  

b e a r i n g s   i n  more d e t a i l .   F i g u r e  11-25 i s  a photograph  showing a t y p i c a l  
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range of capacitance  probes  used  in  a  turbomachinery  application.  Views of 

the  probe  locations  in  the  thrust  bearings  and  the  installed  probes  in  the 

pivoted-pads  can be  seen in the  photographs of Figures  11-7, 11-8, 11-13  and 

11-17. 

In addition  to  the  capacitance  probe  instrumentation, a  total of 33  chromel- 

alumel  thermocouples were incorporated  to  measure  temperatures of the bearitig 

housings,  thrust  plates,  and  pivoted-pads.  Figure  11-26  shows  typical  thermo- 

couple  location  positions  on  the  pivoted-pads  and  Figure  11-7  shows a bearing  pad 

with  the  thermocouples  installed. 
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TABLE 11-7 

LOCATION OF BEARING SYSTEM  CAPACITANCE ~~ PROBES 

No. 1 J o u r n a l   B e a r i n g  

No. of  Probe 
Location  Measurement  Probes  Designation 

Pivoted-pads  Fi lm  thickness   between 
(Pad-to-shaft)  each  pad  and No. 1 PF 1, PF 2,  

j o u r n a l  4 a t  90' PF  3, PF 4 

Pad F l u t t e r  Dynamic  movement between 
(Pad-to-shaf t )  p a d   a n d   j o u r n a l   i n   t h e  

r o l l   d i r e c t i o n   ( u n l o a d e d  
pad) 1 PR 6 

Pad F l u t t e r  (Ground- Pad f l u t t e r   i n   t h e  
to-back of pad) p i t c h   d i r e c t i o n  

(Unloaded  pad) 1 PP 5 

No. 1 Bearing  Support  Dynamic Motion  of No. 1 
(Ground-to-shaf t )   journal  2 a t  90' PS 7 ,  PS 8 

Thrust   Bearing  and No. 2 J o u r n a l   B e a r i n g  

Ma i n   T h r u s t  
Bearing  Housing Dynamic  movement 
(Ground-to-main Of  ma in   t h rus t  
t h r u s t   s t a t o r ) "   s t a t o r  

Ma i n   T h r u s t  
B e a r i n g   S t a t o r  Ma i n   t h r u s t  
(Ma i n   s t a t o r -   b e a r i n g   f i l m  
to - runne r )   t h i ckness  

Reverse  Thrust  Reverse t h r u s t  
B e a r i n g   S t a t o r  b e a r i n g   f i l m  
(Ground- to-runner)  t h i c k n e s s  

1 PT 33 

3 
PT 30, PT 31  
PT 32 

1 PT 29 

No. 2 Bearing  Support  Dynamic Motion of 
(Ground-to-shaft) No. 2 j o u r n a l  2 a t  90' PS 27, PS 28 

Pivoted-pads  Fi lm  thickness   between 
(Pad-to-shaft)  each  pad  and No. 2 PP 21, PF 22 

j o u r n a l  4 a t  90' PF 23,  PF 24 

Pad F l u t t e r  (Ground- Pad f l u t t e r   i n   p i t c h  
to-back  of  pad) d i r e c t i o n   ( u n l o a d e d  

pad) 1 . PP 25 

Pad F l u t t e r  (Ground- Pad f l u t t e r   i n   r o l l  
to-back  of  pad) d i r e c t i o n   ( u n l o a d e d  

pad) 1 PR 26 

* t h e  work  "Ground" refers t o   a n y  s t a t i c  s t r u c t u r e   t o  which a probe i s  
r i g i d l y   a t t a c h e d .  
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PF 2 AND  PR 6\ A r 

DESIGNATES  MOUNTING 

HoUSING SECTION  THRU  BEARING  CENTER 
LOOKING  TOWARD  THRUST  BEARING  END 

VIEW  OF BACK FACE  OF  UPPER  PAD 

PF- PAD PIVOT-  FILM THICKNESS PP - PAD  PITCH  PROBE 
PS- HOUSING - TO- SHAFT PROBES  PR - PAD  ROLL  PROBE 

Fig. 11-23 Posi t ion  and  Identity of Capacitance 
Probes in  Number 1 Journal  Bearing 

I 
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DESIGNATES  MOUNTING 

HoUSING SECTION  THRU  BEARING  CENTER 
LOOKING  TOWARD  THRUST  BEARING  END 

27 

VIEW  OF BACK  FACE  OF  UPPER  PAD 

PF- PAD PIVOT -FILM THICKNESS PP- PAD PITCH PROBE 
PS- HOUSING - TO-  SHAFT  PROBES  PR  -PAD ROLL PROBE 

Fig. 11-24 Position  and  Identity  of  Capacitance 
Probes  in Number 2 Journal  Bearing 
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Fig. 11-25 V i e w  Showing a Typical  Range of Capacitance 
Probe  Configurat ions  for   Bearing System 
Performance  Measurement 
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No. 1 Brg. TC 4 
No. 2 Brg. TC 21 

No. 1 Brg. 
No. 2 Brg. 

TC 
TC 

3 
20 

No. 1 Brg. TC 7 
No. 2 Erg. TC 2 

No. 1 Brg. TC 6 
No. 2 Brg. TC 23 

No. 1 Brg. TC 10 
No. 2 Brg. TC 27 

No. 1 Brg. TC 5 
No. 2 Brg. TC 22 

Back f a c e  of Brg. No. 1 and No. 2 Upper  Pads 

No. 1 Brg. TC 9 
No. 2 Brg. TC 26 

I 
No. 1 Brg. TC 8 
No. 2 Brg. TC 25 

Back Face of Bearing No. 1 and No. 2 Lower Pads 

Thermocouples s p l o t   w e l d e d   t o   b a c k   s u r f a c e  of pads  where shown o 

Fig.  11-26 V i e w  Showing the Location of  Journa l  
Bearing Pad Thermocouples 
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111. DESIGN OF ROTOR-BEARING SYSTEM SIMULATOR 

I n  any  major  development  program  where  relatively new techniques  are being 

e x t e n d e d   t o   t h e  limits of known experience,   and  where  the  cost   and  complexi ty  

of the   prototype  machinery  demands  the  utmost   assurance of sound  design, i t  

b e c o m e s   e x c e e d i n g l y   i m p o r t a n t   t o   b e   a b l e   t o   i s o l a t e ,   e v a l u a t e   a n d  remedy p o s s i b l e  

problem areas by means of component o r   subsys t em test programs.   With  respect   to  

t h e  NASA a x i a l   f l o w   t u r b o a l t e r n a t o r ,  i t  w a s  " r e q u i r e d "   ( b y   c o n t r a c t )   t h a t   t h e  

des ign   o f   t he   gas - lub r i ca t ed   ro to r -bea r ing   sys t em,  as d e s c r i b e d   i n   S e c t i o n  I1 of 

t h i s   r e p o r t ,   b e   e x p e r i m e n t a l l y   e v a l u a t e d   a n d   o p t i m i z e d   i n  a spec ia l ly -cons t ruc t ed  

rotor-bear ing  system  s imulator .   This   would  permit   development   and  acceptance  tes t ing 

o f   t he   ro to r -bea r ing   sys t em  independen t   o f ,   and   ye t   pa ra l l e l   t o ,   t he   t u rbo -  

a l te rna tor   aerodynamic   and  electrical  components. 

A f t e r  a p re l imina ry   des ign   o f   t he   ro to r -bea r ing   sys t em  s imula to r  w a s  approved by 

NASA, t h e   f i n a l   d e s i g n  was begun i n  December 1964. The des ign  was c a r r i e d   o u t  

s u c h   t h a t   t h e   s i m u l a t o r   c o u l d   r e a d i l y   b e   u s e d   t o :  

1. def ine   ro tor   ba lanc ing   requi rements   and   procedures ;  

2. eva lua te   bear ing   sys tem  per formance   under   bo th   ba lanced   and   unbalanced  

r o t o r   c o n d i t i o n s ;  

3 .  evalua te   bear ing   sys tem  per formance  a t  design-point   and  off   design 

cond i t ions   ( such  as a t  maximum overspeed,  a t  reduced  ambient p r e s s u r e ,  

and a t   h ighe r - than -expec ted   t h rus t   l oads ) ;   and  

4. i d e n t i f y  unknown problem areas. 

The i n i t i a l   s i m u l a t o r   d e s i g n ,   h o w e v e r ,   d i d   n o t   i n c l u d e   t h e   a l t e r n a t o r   s t a t o r   o f  

r o t o r .  The m a c h i n e ,   t h e r e f o r e ,   c o u l d   n o t   b e   u s e d   i n   t h e   i n i t i a l   c o n f i g u r a t i o n  

t o   g e n e r a t e  e lec t r ica l  power. A c ross -sec t ion   v iew  of   the   ro tor -bear ing  

sys tem  s imula tor  is shown i n   F i g u r e  111-1. S i g n i f i c a n t   f e a t u r e s   o f   t h e  s i m -  

u l a t o r  are d e s c r i b e d   i n   t h e   f o l l o w i n g   s u b s e c t i o n s .  
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Fig. 111-1 Turboalternator  Rotor-Bearing  Simulator 



Simulator   Rotor  

A pho tograph   o f   t he   s imu la to r   ro to r  less tu rb ine   whee l   and   t h rus t   runne r  i s  

shown i n   F i g u r e  111-2. The r o t o r   p o s s e s s e s   t h e  same p r inc ipa l   d imens ions ,  

t o t a l  m a s s ,   m a s s   d i s t r i b u t i o n ,   a n d   s t i f f n e s s   c h a r a c t e r i s t i c s   a s  i s  i n h e r e n t   i n  

t h e   t u r b o a l t . e r n a   t o r   r o t o r .  The to t a l   ca l cu la t ed   we igh t   and   po la r   and   t r ansve r se  

(about  the  c.g.)   mass moments of i n e r t i a  of t he   comple t e   ro to r   a s sembly ,   i n -  

c l u d i n g   t u r b i n e   w h e e l   a n d   t h r u s t   r u n n e r ,  were 56.5  pounds, 0.627 in . -1b . - sec .  , 
and   9 .656   i n . -1b . - sec .   r e spec t ive ly .   The   ca l cu la t ed   l oca t ion   o f   t he   c .g .   fo r  

th.e  complete  assembly was 11 .72   inches   f rom  the   reverse   th rus t   face   o f   the  

t h r u s t   r u n n e r .  

2 

2 

Copper p l a t i n g ,  118 i n c h e s   t h i c k ,  was depos i t ed   on   t he  I . D .  of   each  of  the 

r o t o r   j o u r n a l s .   T h e s e   t h e r m a l   s h u n t s   w h i c h   t r a n s f e r   b e a r i n g   f r i c t i o n   l o s s e s  

t o   t h e   b e a r i n g - m o u n t e d   h e a t   e x c h a n g e r s ,   a r e   i d e n t i c a l   i n   d e s i g n   t o   t h o s e   w h i c h  

a r e   u s e d   i n   t h e   t u r b o a l t e r n a t o r .  They were i n c l u d e d   i n   t h e   s i m u l a t o r   r o t o r   t o  

enab le  a demonst ra t ion  of t he   mechan ica l   i n t eg r i ty   o f   t he   coppe r   p l a t ing   unde r  

s t r a i n s   r e s u l t i n g   f r o m   c e n t r i f u g a l   g r o w t h .   A d d i t i o n a l l y ,   a n y   e f f e c t s   o f   s u c h  

growth   on   ro tor   ba lance   needed   to   be   eva lua ted .  

The ma te r i a l   f rom  wh ich   t he   t u rboa l t e rna to r   ro to r  was manufactured i s  AMS 6294C. 

The s i m u l a t o r   r o t o r  was manufactured  from  the same m a t e r i a l ,   b u t   d i d   n o t   i n c l u d e  

t h e   p o l e   f a c e   l a m i n a t i o n s ,   a m o r t i s s e u r   b a r s ,  o r  t he   po le   f ace   w indage   ba f f l e s .  

This   a l lowed  the  manufacture  of t he   s imu la to r   ro to r   w i thou t   t he   eng inee r ing ,  

des ign   and   manufac tu r ing   a s soc ia t ed   w i th   t he   t u rboa l t e rna to r   ro to r .   Se l ec t ion  

o f   t h e   s i m u l a t o r   r o t o r   m a t e r i a l  was based  on  the  fol lowing  requirements:  

1. good s t a b i l i t y   t o  meet   dimensional   and  tolerance  requirements ,   and 

2 .  t h e   d u p l i c a t i o n   o f   t h e  bond be tween   t he   coppe r   p l a t e   and   t he   j ou rna l  

mater ia  1. 

The j o u r n a l   b e a r i n g   p o r t i o n s   o f   t h e   s i m u l a t o r   r o t o r   w e r e ,   l i k e   t h e   t u r b o a l t e r n a t o r  

ro to r ,   coa ted   w i th   f l ame-sp rayed   ch rome   ox ide .   The   bas i s   o f   s e l ec t ion   fo r   t he  

chrome  ox ide   sur fac ing   mater ia l  is d e s c r i b e d   i n   S e c t i o n  I1 o f   t h i s   r e p o r t .  
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F i g .  111-2 V i e w  of Rotor for I n i t i a l   R o t o r - B e a r i n g   S i m u l a t o r  



Simula tor   Bear ings  

The s i m u l a t o r  w a s  d e s i g n e d   t o   u s e   p r e c i s e l y   t h e  same bearing  system as designed 

f o r   t h e   t u r b o a l t e r n a t o r .   P h o t o g r a p h s   o f   t h e   j o u r n a l   b e a r i n g   a s s e m b l y   a n d  

component p a r t s  are shown i n   F i g u r e s  11-1, 11-7 and  11-8,   and  of   the  thrust  

b e a r i n g   p a r t s   i n   F i g u r e s  11-12, 11-13, and  11-14.  For  both  journal  bearings,  

t he   bea r ing   componen t s   i nc lude   t he   p ivo ted   pads ,   p ivo t s ,   p ivo t   suppor t   f l exu res ,  

p i v o t  "0" r i n g  seals and t h e   b e a r i n g   s y s t e m   i n s t r u m e n t a t i o n   t r a n s d u c e r s   ( c a p a c i -  

tance  probes  and  thermocouples).   These  components  formed two comple t e   j ou rna l  

bea r ing   a s sembl i e s   t ha t   have   t he  same i n t e r f a c e s   f o r   b o t h   t h e   s i m u l a t o r   a n d   t h e  

t u r b o a l t e r n a t o r .   I n   t h e   t h r u s t   b e a r i n g   r e g i o n , t h e   b e a r i n g  components  included 

t h e   t h r u s t   r u n n e r ,   t h e  reverse t h r u s t   b e a r i n g   h o u s i n g ,   t h e   m a i n   t h r u s t   b e a r i n g ,  

t h e  main th rus t   bea r ing   suppor t ,   and   t he   bea r ing   sys t em  in s t rumen ta t ion   t r ans -  

ducers   (capac i tance   p robes   and   thermocouples) .   Again   the   in te r face   for   the  

thrus t   bear ing   components  was i d e n t i c a l   i n   b o t h   t h e   s i m u l a t o r   a n d   t h e   t u r b o a l -  

t e r n a t o r .  

Control  of  Bearing  Loads 

V a r i a t i o n   i n   j o u r n a l   b e a r i n g   l o a d s ,   f r o m   z e r o - t o - f u l l   r o t o r   w e i g h t   r e a c t i o n ,  was 

made p o s s i b l e  by ro t a t ion   o f   t he   comple t e   s imu la to r   on  i t s  mounting  trunnions  from 

a v e r t i c a l   t o  a ho r i zon ta l   ro to r   o r i en ta t ion .   F igu res   111-3   and  111-4 are photo- 

g r a p h s   o f   t h e   p a r t i a l   s i m u l a t o r   a s s e m b l y   i n  a h o r i z o n t a l  and v e r t i c a l   o r i e n t a t i o n  

r e s p e c t i v e l y .  

F o r   c o n t r o l   o f   t h r u s t   l o a d ,   a t   a n y   o r i e n t a t i o n   o f   t h e   r o t o r ,   t h e   s i m u l a t o r  

cas ings   fo re   and   a f t   o f   t he   t u rb ine   whee l  were extended  radial ly   inward  and 

l a b y r i n t h  seals provided   be tween  these   ex tens ions   and   the   ro tor   ( see   F igure   111-1) .  

Th i s   pe rmi t t ed   t he   t u rb ine   whee l   t o   be   u sed  as a doub le -ac t ing   p i s ton .   Var i ab le  

magni tude   and   d i rec t ion  of t h r u s t   l o a d  was ob ta ined   by   con t ro l   o f   t he   p re s su re  

i n   t h e  cavi t ies  on   each   s ide   o f   t he   t u rb ine   whee l .   These   cav i t i e s  were connected 

by s u i t a b l e   p r e s s u r e   c o n t r o l   v a l v e s   t o  a gas   supply   mani fo ld  as shown i n  

F igu re  IV-3. Leakage   ac ross   t he   l aby r in ths   pas sed   i n to   t he   ma in   s imula to r   ca s ing  

from  where i t  w a s  ven ted   t o   a tmosphe re   (v i a  a vacuum pump when t h e   s i m u l a t o r  

was be ing   opera ted  a t  sub-atmospheric   ambient   pressures) .  
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Fig. 111-3 Partial Assembly of the Rotor-Bearing  Simulator  in a 
Horizontal  Position  (Initial  Configuration) 
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F i g .  111-4 P a r t i a l  Assembly of the  Rotor-Bearing  Simulator  in a 
V e r t i c a l   P o s i t i o n   ( I n i t i a l   C o n f i g u r a t i o n )  
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Simulator  Casings 

The primary  functions  of  the  simulator  casings were to  provide an enclosure  and 

support  structure  for  the  bearing  system  and  turbine  drive.  Since  the  ambient 

conditions  for  simulator  operation  involved  sub-atmospheric  pressures in the 

bearing areas,  considerably  elevated  pressures in the  turbine  supply  system,  and 

intermediate  pressures in the  chambers  used  for  the  control  of  thrust  bearing 

loads,  the  casings  were  designed with suitable  labyrinth  seals  to  separate  the 

high  and  low  pressure  regions within  the  enclosure. 

The casing  which  enclosed  the  thrust  bearing  region was provided  with  a  connection 

to  a  vacuum  pump  by  means  of  suitable  piping  and  control  valves.  This  permitted 

the  control  of  ambient  pressure  in  the  simulator  and  exhausted  the  various 

bearing  system  gas  flows  and  thrust  loading  system  labyrinth  leakage  flow  to 

atmosphere. The turbine  discharge  gas  was  vented to atmosphere  through  slots 

cut  into  the  turbine wheel casing. 

With  the  exception of the casing  which  simulated  the  alternator  stator casing, 

the  casings  were  designed  to  roughly  approximate  the  mass  and  stiffness 

characteristics  of  the  turboalternator  casings.  Mounting  of  the  simulator  was 

accomplished in  approximately  the same plane as the  turboalternator  mounting. 

This  was  done so that  any  potential  structural  resonance  problems  could  be 

identified  during  the  test  program. 

An item  of  considerable  importance in the  design  of  the  simulator  casings was 

the  accommodation  and  accessibility of.leak-tight  instrumentation  and  supply 

connections  to  the  bearings. The design  as  shown  in  Figure 111-1 utilized 

permanently-installed  pass-throughs in the  casing  at No. 1 bearing  and in 

the  end  closure in the  thrust  bearing  area.  This  permitted  the  easy  coupling 

of  all  connections  on  the  inboard  side  prior  to  completing  the  enclosure. 

Figure 111-4 shows  the No. 1 bearing  region  instrument  connections  for  the 

partially  assembled  simulator. 
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Simula tor   Turb ine  

I n   s e l e c t i n g   t h e   t y p e   o f   d r i v e   f o r   t h e   r o t o r - b e a r i n g   d y n a m i c   s i m u l a t o r ,  a number 

of   requi rements  were t a k e n   i n t o   c o n s i d e r a t i o n .   T h e s e  are as fo l lows:  

1. The  speed  range  requirement was z e r o   t o   1 4 , 4 0 0  rpm w i t h   v a r i a b l e  

speed   con t ro l .  

2. The m a x i m u m  power  requirement  would  be  approximately  1.5 HP a t  12,000 

rpm. This  power  requirement was b a s e d   o n   b e a r i n g   f r i c t i o n   a n d   r o t o r  

windage   losses  a t  t h e  minimum a n t i c i p a t e d   b e a r i n g   c l e a r a n c e s   a n d  maximum 

ambient   p ressures   and   tempera tures .  

3 .  The s e l e c t e d   d r i v e   s h o u l d   n o t  in te rac t  with  rotor-bearing  dynamic 

pe r fo rmance   o r   i n t roduce   cha rac t e r i s t i c s   wh ich  w o u l d   p r o v e   d i f f i c u l t  

t o   c o r r e c t l y   i n t e r p r e t .  

4.  The se l ec t ed   d r ive   shou ld   no t   i n t roduce   i nde te rminan t   ax i a l   fo rces  

which  would i n t e r f e r e   w i t h   t h e   t h r u s t   l o a d i n g   s y s t e m .  

5. Speed c o n t r o l   s h o u l d   b e   s u f f i c i e n t l y   p r e c i s e   t o   p e r m i t   i n - p l a c e  

b a l a n c i n g   o f   t h e   r o t o r .  

To meet these   r equ i r emen t s   an   impu l se   t u rb ine  w a s  s e l e c t e d .  The d e s i g n   o f   t h i s  

turbine,   however ,  was s t r o n g l y   i n f l u e n c e d  by t h e   p r i m a r y   r e q u i r e m e n t   f o r   c o r r e c t l y  

s i m u l a t i n g   t h e   s i z e ,   i n e r t i a ,   a n d  e las t ic  c h a r a c t e r i s t i c s   o f   t h e   t u r b o a l t e r n a t o r  

r o t o r .  The r e s u l t i n g   t u r b i n e   w h e e l ,   a l t h o u g h   n o t   p o s s e s s i n g  optimum s p e c i f i c  

d i a m e t e r   o r   s p e c i f i c   s p e e d   f o r   t h e   a v a i l a b l e   s h o p  a i r  l i n e   p r e s s u r e s ,  was capable  

o f   p r o d u c i n g   s u f f i c i e n t  power f o r   t h e   r a n g e  of speeds   under   cons idera t ion .  

Dur ing   ope ra t ion   o f   t he   t u rb ine   unde r   t he   above   cond i t ions ,   t he   e f f i c i ency  

was ve ry  low  (approximately 25 pe rcen t ) .   The   du ra t ion   o f   t e s t ing ,   however ,  was 

r e l a t i v e l y   s h o r t   a n d   t h e  low e f f i c i e n c y   v a l u e  was of no  concern. 

The  nominal   dimensions  of   the  turbine are as fo l lows :  

wheel   diameter  - 7.30 inches  

number of   buckets  - 40 

number of   nozz les  - 3  

diameter   o f   nozz les  - 0.168 inches  

r ad ius   o f   bucke t s  - 0.375 inches  
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The t u r b i n e   b u c k e t s  were f o r m e d   o n   t h e   o u t s i d e   d i a m e t e r   o f   t h e   w h e e l  by end 

m i l l i n g ,   u s i n g  a 0.75 inch   d i ame te r   cu t t e r .   The   t h ree   conve rgen t -d ive rgen t  

nozz le s  were manufactured as s e p a r a t e  components t h a t  were t h e n   i n s e r t e d   i n t o  

t h e   s i m u l a t o r   c a s i n g .  The f l o w   t o   t h e   n o z z l e s  w a s  supp l i ed  via d r i l l i n g s  from 

a n   a n n u l u s   l o c a t e d   w i t h i n   t h e   s i m u l a t o r   c a s i n g .  

Exhaust   f rom  . the  turbine was conducted   to   a tmosphere  by t h r e e   r a d i a l   s l o t s   c u t  

i n t o   t h e   s i m u l a t o r   c a s i n g ,   e a c h   b e i n g  0.375 inches  wide  and  extending  over  

a 48 degree   c i r cumfe ren t i a l   a r c .  

F igure  111-5 is a pho tograph   o f   t he   i n i t i a l   s imu la to r   t u rb ine   whee l   and   t he  t i e  

b e l t   u s e d   t o   a t t a c h   t h e   t u r b i n e   w h e e l   a n d   t h r u s t   r u n n e r  t o  t h e   r o t o r   s h a f t .  
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F i g .  111-5 View of   Impulse  Turbine Wheel and Tie B o l t   f o r  
R o t o r - B e a r i n g   S i m u l a t o r   ( I n i t i a l   C o n f i g u r a t i o n )  



Simula tor   Tempera ture   Cont ro l  

The tempera ture  levels a n d   g r a d i e n t s   w i t h i n   t h e   s i m u l a t o r ,  when o p e r a t i n g  Over 

t h e   r a n g e   o f   c o n d i t i o n s   s p e c i f i e d ,  are c o n s i d e r a b l y   d i f f e r e n t  from- those  found 

i n  t h e   t u r b o a l t e r n a t o r .   T h i s  is l a r g e l y   d u e   t o   t h e   u s e   o f  a low  temperature 

i m p u l s e   t u r b i n e   a n d   t h e   o m i s s i o n   o f   t h e   a l t e r n a t o r ,   w i t h  i ts a t t e n d a n t   l o s s e s ,  

i n   t h e   s i m u l a t o r   d e s i g n .  The r ema in ing   sou rces   o f   hea t   gene ra t ion  i n  t h e   s i m u l a t o r  

are, the re fo re ,   bea r ing   f r i c t ion   and   ro to r   w indage   l o s ses .   Based   on   p rev ious  

exper ience   wi th   machines   o f   comparable   s ize ,   per formance   and   thermal   boundary  

c o n d i t i o n s ,  i t  w a s  j u d g e d   t h a t ,   u n l i k e   t h e   t u r b o a l t e r n a t o r ,   h e a t   e x c h a n g e r s   w o u l d  

not   be   requi red  i n  t h e   r e g i o n s   o f   t h e   s i m u l a t o r   j o u r n a l   b e a r i n g s ,   t h e   c o p p e r  

s h u n t s   i n   t h e   b o r e   o f   e a c h   j o u r n a l   b e i n g   c o n s i d e r e d   c a p a b l e   o f   m a i n t a i n i n g  

a c c e p t a b l e   t e m p e r a t u r e   g r a d i e n t s   i n   t h e s e   b e a r i n g s .  The t h r u s t   b e a r i n g   d e s i g n  

inc luded  a h e a t   e x c h a n g e r   a s   a n   i n t e g r a l   p a r t   o f   t h e   b e a r i n g   c o n s t r u c t i o n .  The 

t empera tu re   o f   t he   t h rus t   bea r ing  was c o n t r o l l e d  by the   pas sage   o f  a small f low 

o f   coo lan t ,   t he   i n l e t   t empera tu re   o f   wh ich  was c o n t r o l l e d  by a n   e x t e r n a l l y -  

l o c a t e d   e l e c t r i c a l   h e a t e r .  The tempera ture   o f   the   gas   suppl ied   to   bo th   hydro-  

s t a t i c  t h r u s t   b e a r i n g s  was a l s o   c o n t r o l l e d  by means   o f   ex te rna l ly- loca ted  

e lec t r ica l  h e a t e r s .  

S imula to r   In s t rumen ta t ion  

As mentioned i n   S e c t i o n  I1 o f   t h i s   r e p o r t ,   s u c c e s s f u l  and  timely  development  of 

a pro to type   gas-bear ing   machine   requi res   ex tens ive   ro tor -bear ing   sys tem  ins t rumen-  

t a t i o n   f o r   q u a n t i t a t i v e   m e a s u r e m e n t  of performance  and  for  minimum r i s k   o p e r a t i o n .  

Accord ing ly ,   t he   s imu la to r   ro to r -bea r ing   sys t em w a s  equ ipped   w i th   exac t ly   t he  

same capac i tance   p robe   and   thermocouple   t ransducers   as  recommended f o r   t h e  

p r o t o t y p e   t u r b o a l t e r n a t o r   d e s i g n .  

In   add i t ion   t o   t he   bea r ing   sys t em  in s t rumen ta t ion ,   numerous   add i t iona l   t he rmo-  

couples  were i n s t a l l e d   t o   m o n i t o r   s i m u l a t o r   c a s i n g   t e m p e r a t u r e s ,  as w e l l  a s  

t e m p e r a t u r e s   o f   t h e   v a r i o u s   c o o l a n t   f l u i d s .  A Model 3040 E l e c t r o   P r o d u c t s  

Laborator ies   magnet ic   speed  pickup was used t o   m e a s u r e   r o t o r   s p e e d .  The 
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pickup  sensed  six  notches  cut in the OD of the  thrust  runner.  Finally,  the 

simulator  was  equipped  with  numerous  pressure  taps  for  measurement of turbine, 

thrust  loading,  and  bearing  ambient  pressures. A description  of  the  simulator 

instrumentation  readout  equipment,  and  the  simulator  control  system is given 

in Section IV of  this  report. A schematic of the  control  system  is  shown  in 

Figure IV-3. 
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IV. TEST  EVALUATION OF THE ROTOR-BEARING SYSTEM DESIGN 

Assembly  of  the  bearing  system  and  the  simulator  described  in  Sections I1 and 

I11 of  this  report  commenced on October 21, 1965.  Component  calibration  and 

assembly  (such as  journal and  thrust  bearing  support  flexures)  had  progressed 

sufficiently  by  November 24, 1965, to  permit  in-place  balancing of the  rotor 

system.  Following  balancing,  assembly  of  the  machine  and  installation  of 

instrumentation  was  completed;  and  check  runs were conducted  prior  to  commencing 

with  the  bearing  system  acceptance  test  in  accordance  with  P&WA  Specification 

6359-A  (this  specification  is  enclosed in  Appendix I of  this  report). The 

acceptance  test  was  successfully  completed on January 2 and 3 ,  1966. 

The following  subsections  describe  the  simulator  test  facility  in  which  the 

bearing  system  evaluation  tests were performed  and the  specific  test  results 

pertaining  to  performance of the  bearing  system. 

Description  of  the  Simulator  Test  Facility 

The simulator  test  facility  consisted of the  following  items: 

1. the  rotor-bearing  system  simulator  (described in  Section III), 

2, the  simulator  control  panel,  and 

3. instrumentation  read-out  equipment. 

Figure I V - 1  is  a  photograph  of  the  rotor-bearing  system  simulator  mounted on a 

test  bench  behind  the  control  panel. In this  photograph  the  simulator  is  vertical 

with  the  turbine-end  up. 

Figure IV-2  is  a  photograph  of  the  simulator control  panel  and  a  partial  set-up 

of  the  instrumentation  read-out  equipment. A Hewlett  Packard  521A  electronic 
counter,  seen  mounted  above  the  left-hand end  of  the  control  panel,  was  used  to 

continuously  monitor  rotor  speed,  A  24-point  temperature  recorder,  located  on 

the  right-hand  table, was used  to  monitor  bearing  system  temperatures.  Microdyne 
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conso le s   ( l oca t ed  a t  t h e   i m m e d i a t e   r i g h t   a n d   l e f t  of t h e   c o n t r o l   p a n e l ) ,   t o g e t h e r  

w i t h  Wayne-Kerr DM-100 d i s t a n c e  meters and   Tekt ronic  502-A o s c i l l o s c o p e s ,  were 

used   to   moni tor   bear ing   sys tem  capac i tance   p robe   s igna ls .  

1. 

2. 

3 .  

4 .  

5. 

6 .  

7. 

8.  

f i n e  and   coa r se   con t ro l   o f   t u rb ine   nozz le   p re s su re  (V-4 and V-5), 

con t ro l   o f   ma in   t h rus t   l oad ing   p re s su re  (V-6), 

c o n t r o l   o f   r e v e r s e   t h r u s t   l o a d i n g   p r e s s u r e  (V-7), 

con t ro l   o f   ma in   hydros t a t i c   t h rus t   bea r ing   supp ly   p re s su re   (V- lo ) ,  

c o n t r o l  of  r e v e r s e   h y d r o s t a t i c   t h r u s t   b e a r i n g   s u p p l y   p r e s s u r e  (V-9), 

c o n t r o l  of water c o o l a n t   s u p p l y   p r e s s u r e   t o   t h e   m a i n   t h r u s t   b e a r i n g  

s t a t o r  (V-12), 

c o n t r o l   o f   j a c k i n g   g a s   t o   t h e   j o u r n a l   b e a r i n g s  (V-8),  and 

c o n t r o l  of s imula to r   bea r ing   r eg ion   ambien t   p re s su re  (V-14, V-15 and V-16). 

A l l  p e r t i n e n t   p r e s s u r e s   a n d   f l o w s   f o r   t h e   a b o v e   l i s t e d   c o n t r o l   f u n c t i o n s  were 

measured  via  BJurdon  tube  pressure  gages  and  Rotorneter  f lowmeters  mounted on t h e  

c o n t r o l   p a n e l ,   a s   s e e n   i n   F i g u r e  I V - 2 .  

Shop a i r  a t  120   p s ig   supp ly   p re s su re  was u s e d   t o   d r i v e   t h e   s i m u l a t o r   t u r b i n e   o v e r  

the   requi red   speed   range .  

Cont ro l  of gas   t empera ture  as s u p p l i e d   t o   t h e   h y d r o s t a t i c   t h r u s t   b e a r i n g  w a s  

achieved by r e g u l a t i n g   h e a t e r s  H-2 and H - 3 .  Cont ro l   o f   t h rus t   bea r ing   t empera tu re  

w a s  ob ta ined   by   r egu la t ing   f l ow  and   i n l e t   t empera tu re   o f   t he   t h rus t   bea r ing  

coo lan t  water. 
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F i g .  I V - 1  V i e w  of Rotor-Bearing  Simul;-tor  Mounted 
V e r t i c a l l y   o n   t h e  Test S t a n d  



Fig.  IV-2 View of Simulator  Control  Panel and Partial 
Set-Up of  Bearing  System  Instrumentation 
Read-Out  Equipment 



TURBINE SUPPLY 

MAIN THRUST  LOADING  SUPPLY 
REVERSE  THRUST  LOADING  SUPPLY 
JOURNAL  BEARING  JACKING  GAS  SUPPLY 
REVERSE  THRUST  HYDROSTATIC 
BEARING  SUPPLY 
MAIN THRUST  HYDROSTATIC 
BEARING  SUPPLY 

SUPPLY 

TO  ATMOSPHERE 

ILWiL! FOR FIGURF IV-3 

VALVE-HAND OPERATED-LOCATED ON CONTROL PANEL 

~ L V E - P N E U M A T I C A L L Y  OPERATED-REMOTELY LOCATED 

3P - PRESSURE GAUGE - LOCATED ON CONTROL  PANEL 

QT - THERMOCOUPLE - READ  OUT ON TEMPERATURE  RECORDER 

F - FILTER - LOCATED I N  SUPPLY P I P E   L I N E S  

H - ELECTRIC HEATER - LOCATED I N  SUPPLY L I N E S  

VAC - VACUUM PUMP 

I 

Fig. IV-3 Schematic  Diagram of the Simulator  Test 
Set-Up  for  Test  Evaluation of the 
Rotor-Bearing  System 



Cal ib ra t ion   o f   Jou rna l   Bea r ing   F l exures  

I 

I 

1 P r i o r   t o   a s s e m b l y   o f   t h e   s i m u l a t o r   j o u r n a l   b e a r i n g   p a r t s ,   l o a d   v e r s u s   d e f l e c t i o n  

c h a r a c t e r i s t i c s  were expe r imen ta l ly   ob ta ined   fo r   each   o f   t he   j ou rna l   bea r ing  

p ivot -suppor t   f lexures .  Load ve r sus   de f l ec t ion   p lo t s   fo r   t he   uppe r   and   l ower  

p ivo t - suppor t   f l exu res  are shown i n  F igu re  IV-4. 

It i s  seen   f rom  F igure  IV-4 t h a t   t h e   l o a d - d e f l e c t i o n   c h a r a c t e r i s t i c   f o r   t h e   f o u r  

lower   p ivot -suppor t   f lexures  i s  q u i t e   l i n e a r  up t o  70 pounds   and   tha t   the  

a v e r a g e   s t i f f n e s s   o v e r   t h e   l i n e a r   r a n g e  is 84 ,000   lb . / in .  The fou r   uppe r   f l exures  

are l i n e a r  up t o   t h e  maximum appl ied  load  of   103  pounds  and  have  an  average 

s t i f f n e s s   o f   3 4 , 8 0 0   l b . / i n .  

The d e s i g n   s t i f f n e s s   v a l u e s   f o r   t h e   p i v o t - s u p p o r t   f l e x u r e s  were 150,000  and 50,000 

pounds   pe r   i nch   fo r   t he   l ower   and   uppe r   f l exures   r e spec t ive ly .  The  measured 

s t i f f n e s s   v a l u e s   n o t e d   a b o v e   a r e   a p p r e c i a b l y  less t h a n   t h e   d e s i g n   v a l u e s .  The 

d i sc repancy   be tween   des ign   and   measu red   va lues   o f   f l exu re   s t i f fnes s  is be l i eved  

to   be   due   t o   "non- idea l "   boundary   cond i t ions   wh ich   ex i s t  a t  the   ends   o f   t he   f l exure  

sec t ions .   Fo r   t he   pu rposes   o f   des ign ,  a zero-s lope  boundary  condi t ion was 

assumed a t  the   ends   o f   t he  two  beam sec t ions   o f   which   each   f lexure  is comprised 

( see   -F igu re   11 -1 ) .   In   ac tua l   f ac t ,   t h i s   a s sumpt ion  i s  probably somewhat i n  

e r r o r   d u e   t o   ( 1 )  some d e f l e c t i o n   o f   t h e   t h i c k e r   c e n t r a l   p o r t i o n   o f   t h e   f l e x u r e  

( w h i c h   c a r r i e s   t h e   p i v o t   s c r e w ) ,  and (2 )  some de f l ec t ion   w i th in   t he   c l amping  

~ zone a t  t h e  two ends   o f   t he   f l exure .  

1. a s m a l l   r e d u c t i o n  i n  r i g i d - b o d y   c r i t i c a l   s p e e d s   o f   t h e   r o t o r - b e a r i n g  
system, 

2. a n   i n c r e a s e   i n   t h e   r a d i a l   s h i f t   o f   j o u r n a l   p o s i t i o n  when r o t o r  

o r i e n t a t i o n  is c h a n g e d   f r o m   v e r t i c a l   t o   h o r i z o n t a l   i n  a 1-g a c c e l e r a t i o n  

f i e l d  
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3.  a r e d u c t i o n   i n  maximum bending stress, 

4.  an improved a b i l i t y   o f   t h e   b e a r i n g s   t o  accommodate d i f f e r e n t i a l   t h e r m a l  

expans ions   and   journa l   cen t r i fuga l   g rowth   which   would   o thenr i se   t end   to  

change  bear ing  c learance;   and 

5. a n   i n c r e a s e   i n   s e n s i t i v i t y   o f   t h e   b e a r i n g   s y s t e m   t o   r a d i a l   e l e c t r o m a g n e t i c  

a l t e r n a t o r   f o r c e s   a r i s i n g   f r o m   e c c e n t r i c i t y   o f   t h e   a l t e r n a t o r   r o t o r   t o  

t h e   a l t e r n a t o r   s t a t o r .  

The c a l c u l a t e d   r a d i a l   s h i f t   i n   j o u r n a l   p o s i t i d n   r e s u l t i n g   f r o m  a change i n   r o t o r  

o r i e n t a t i o n   ( i t e m  2 above) i s  as fo l lows  : 

F l e x u r e   S t i f f n e s s  
l b .   / i n .  

150,000 50,000 d e s i g n   v a l u e s  

34 ' 8oo measured  values  84 , 000 

Component  of J o u r n a l  
S h i f t   d u e   t o   F l e x u r e  
S t i f f n e s s -  mils 

0.14 

0.24 

By proper   se t -up   of   the   bear ing   dur ing   assembly ,   the  maximum e c c e n t r i c i t y   o f   t h e  

j o u r n a l s   ( r e l a t i v e   t o   t h e   c e n t e r l i n e  of t h e   b e a r i n g s   a n d   l a b y r i n t h   s e a l s ) ,  

r e s u l t i n g   f r o m   t h e  component  of j o u r n a l   s h i f t   d u e   t o   f l e x u r e   s t i f f n e s s ,   c a n   b e  

h e l d   t o   o n e - h a l f   o f   t h e   s h i f t   v a l u e .   H e n c e ,   t h e  maximum e c c e n t r i c i t y  of t h e  

j o u r n a l s ,   b a s e d   o n   m e a s u r e d   f l e x u r e   s t i f f n e s s e s ,   c a n   b e   t h e o r e t i c a l l y   h e l d   t o  0.12 

mils. This  amounts t o  6 p e r c e n t   o f   t h e   t o t a l   a l l o w a b l e   e c c e n t r i c i t y   ( t o t a l   a l l o w -  

a b l e   j o u r n a l   e c c e n t r i c i t y   b e i n g  2.0 mils as de te rmined   f rom  a l t e rna to r   e l ec t ro -  

m a g n e t i c   f o r c e   c o n s i d e r a t i o n s ) .   S i n c e   t o t a l   j o u r n a l   e c c e n t r i c i t y   u n d e r   n o r m a l  

tu rboa l t e rna to r   ope ra t ing   cond i t ions   shou ld   no t   exceed  0.6 m i l s ,  and  an  assembly 

e c c e n t r i c i t y   t o l e r a n c e   o f   1 . 0  m i l  is en t i r e ly   r easonab le ,   t he   l ower - than -des ign  

f l e x u r e   s t i f f n e s s   v a l u e s   p r e s e n t  no p r o b l e m   w i t h   r e s p e c t   t o   m e e t i n g   t h e   d e s i r e d  

t o t a l   e c c e n t r i c i t y   c r i t e r i o n .  

W i t h   r e s p e c t   t o   t h e   i n c r e a s e d   s e n s i t i v i t y   o f   t h e   b e a r i n g s   t o   a l t e r n a t o r   e l e c t r o -  

magnet ic   forces   ( i t em 5 l i s t e d   a b o v e ) ,   t h e   q u e s t i o n  is one   of   overa l l   change   in  
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t o t a l   b e a r i n g   s t i f f n e s s .   C a l c u l a t e d   t o t a l   b e a r i n g   s t i f f n e s s   v a l u e s ,   b a s e d  on 

t u r b o a l t e r n a t o r   o p e r a t i o n   i n   a r g o n  a t  6.0 p s i a  and  12,000 rpm, are as   fo l lows :  
3 

F l e x u r e   S t i f f n e s s   T o t a l   B e a r i n g   S t i f f n e s s  
l b .  / in .  l b .   / i n .  

150,000 50'000 d e s i g n   v a l u e s  

34'800 measured  values 84,000 

72,600 

57 , 800 

The n e g a t i v e   s t a t i c   f o r c e   g r a d i e n t   ( s t i f f n e s s )   p e r   p o l e   p a i r   d u e   t o   t h e   a l t e r n a t o r  

e l e c t r o m a g n e t i c   f o r c e s  was p red ic t ed   t o   be   abou t   5 ,600   pounds   pe r   i nch   ( t e s t  

d a t a   p r e s e n t e d   i n   S e c t i o n  V I 1  o f   t h i s   r e p o r t  show the   measu red   g rad ien t   va lues  

t o   b e  somewhat l e s s ) .  The n e t   r e s t o r a t i v e   ( p o s i t i v e )   s t a t i c   s t i f f n e s s   v a l u e  

f o r   o n e   b e a r i n g   a n d   o n e   a l t e r n a t o r   p o l e - p a i r  would t h u s   b e  as fol lows:  

Based  on  design  values 
o f   f l e x u r e   s t i f f n e s s  

Net Stat ic  S t i f f n e s s  
l b .   / i n .  

67,000 

Based  on  measured  values  52,200 
o f   f l e x u r e   s t i f f n e s s  

Thus the  lower-  t h a n - d e s i g n   f l e x u r e   s t i f f n e s s e s -   r e s u l t   i n  a 22 p e r c e n t   r e d u c t  

i n  n e t  s tatic s t i f f n e s s   p e r   b e a r i n g   a n d   p o l e - p a i r   c o m b i n a t i o n .  It was n o t  

f e l t   t h a t   t h i s   c h a n g e  wou ld   j eopa rd ize   s a fe   ope ra t ion   o f   t he   ro to r -bea r ing  

system. This f e e l i n g  was subsequen t ly   con f i rmed   by   t he   t heo re t i ca l   ro to r -  

bear ing   sys tem  dynamic   s tudy   (Sec t ion  V o f   t h i s   r e p o r t )   i n   w h i c h   t h e   l o w e r  

i o n  

v a l u e s   o f   f l e x u r e   s t i f f n e s s  were used .   Fu r the r   con f i rma t ion   o f   ve ry   s a t i s f ac to ry  

o p e r a t i o n   w i t h   t h e   s o f t e r   f l e x u r e s  was obtained  f rom  rotor-bear ing  system test  

data t a k e n   u n d e r   a l t e r n a t o r  power g e n e r a t i n g   c o n d i t i o n s   ( s e e   S e c t i o n  V I 1  of  

t h i s   r e p o r t ) .  
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Fig. IV-4 Measured Load V e r s u s   D e f l e c t i o n   P l o t s  f o r  
t h e   U p p e r  and L o w e r   P i v o t - S u p p o r t   F l e x u r e s  
f o r  t h e   T u r b o a l t e r n a t o r   J o u r n a l   B e a r i n g s  
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C a l i b r a t i o n   o f  Main Thrust   Bearing  Support   Flexure 

P r i o r   t o   a s s e m b l y   o f   t h e   s i m u l a t o r   t h r u s t   b e a r i n g   p a r t s ,   a n  axial  l o a d   v e r s u s  

d e f l e c t i o n   c h a r a c t e r i s t i c  w a s  e x p e r i m e n t a l l y   o b t a i n e d   f o r  the main   th rus t  

b e a r i n g   s u p p o r t   f l e x u r e .   T h i s  is the   f l exure   wh ich   suppor t s   t he   sp i r a l -g rooved  

t h r u s t   p l a t e .  The l o a d   v e r s u s   d e f l e c t i o n   p l o t  is shown i n   F i g u r e  IV-5. 

It is seen   f rom  F igure  IV-5 t h a t   t h e   l o a d - d e f l e c t i o n   c h a r a c t e r i s t i c   f o r   t h e   t h r u s t -  

p l a t e   s u p p o r t   f l e x u r e  i s  l i n e a r  up t o   t h e  maximum app l i ed   l oad   o f  200  pounds. 

The measured axial  s t i f f n e s s   o f   t h e   f l e x u r e  is 33,100  pounds  per  inch  as  compared 

t o   t h e   t h e o r e t i c a l   d e s i g n   s t i f f n e s s   o f   3 8 , 6 0 0   p o u n d s   p e r   i n c h .  The p robab le  

r e a s o n s   f o r   t h e   l o w e r   m e a s u r e d   s t i f f n e s s   v a l u e  are t h e  same as p rev ious ly  

men t ioned   fo r   t he   j ou rna l   bea r ing   p ivo t - suppor t   f l exu res  - namely, non- 

a t t a i n m e n t   i n  practice of   the   idea l   boundary   condi t ions   which  were assumed f o r  

t he   ends   o f   t he   fou r   f l exure   spokes   ( t hese   spokes  are p i c t u r e d   i n   F i g u r e   1 1 - 1 4 ) .  

Although  no  attempt was made t o   c a l i b r a t e   t h e   s u p p o r t   f l e x u r e   i n   t h e  t i l t  

d i r e c t i o n ,   t h e   a c t u a l  t ilt  s t i f f n e s s   s h o u l d   b e   l o w e r   t h a n   t h e   d e s i g n   v a l u e   o f  

99,000  in .  l b s .  p e r   r a d i a n   f o r   t h e  same r e a s o n s   g i v e n   f o r   t h e   a x i a l   s t i f f n e s s  

r e s u l t s .  

The d y n a m i c   r e s p o n s e   c h a r a c t e r i s t i c s   o f   t h e  main thrus t   bear ing   assembly  were 

reviewed  based  on  the  somewhat  lower  value of m e a s u r e d   a x i a l   s t i f f n e s s .  It w a s  

obse rved   t ha t   t he   r e sonan t   f r equenc ie s  of the  assembly would  change, a t  most 

( i . e . ,   n e g l e c t i n g   g a s - f i l m   s t i f f n e s s   e f f e c t s ) ,   i n   p r o p o r t i o n   t o   t h e   s q u a r e   r o o t  

of s t i f f n e s s .  Hence,   the  maximum p o s s i b l e   r e d u c t i o n  of t h e   a x i a l   r e s o n a n t  

f requency would be 7 .4  p e r c e n t  - t h a t  i s ,  from  16,400 cpm t o   1 5 , 2 0 0  cpm when 

g a s - f i l m   s t i f f n e s s  w a s  neg lec t ed .  Under a 30 pound t h r u s t   l o a d ,   t h e   a x i a l  

resonant  frequency  would  be  approximately  24,400 cpm. 

Assuming t h e  same p e r c e n t a g e   r e d u c t i o n   i n  t i l t  s t i f f n e s s  as w a s  measured  for  

a x i a l   s t i f f n e s s ,   t h e  t ilt  resonant  frequency  would  be  reduced  from  18,250 cpm 

to   16 ,900  cpm under   no-load  condi t ions.  A t  a 30  pound t h r u s t   l o a d   c o n d i t i o n ,   t h e  

resonant  frequency  would  be  28,300 cpm. 
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I n   a d d i t i o n   t o   t h e   a c c e p t a b l e   r e s o n a n t   f r e q u e n c y   s i t u a t i o p ,   t h e   e f f e c t   o f   l o w e r  

a x i a l  and t i l t  s t i f f n e s s e s   o f   t h e   s u p p o r t   f l e x u r e  was checked   w i th   r e spec t   t o  

a b i l i t y  of t he   sp i r a l -g rooved   t h rus t   p l a t e   t o   t r ack   dynamic   mo t ions   ( i n   t he  axial 

and tilt  d i r e c t i o n s )   o f   t h e   r o t a t i n g   t h r u s t   r u n n e r .  It was f o u n d   t h a t   t h e  

r e d u c e d   s t i f f n e s s   v a l u e s   w o u l d   n o t   s i g n i f i c a n t l y  a l ter  t h e   t r a c k i n g   c a p a b i l i t y .  

Based  on t h e   r e s u l t s   o f   t h e  dynamic review summarized  above,  and  recognizing  that  

t h e   r e d u c e d   s t i f f n e s s   v a l u e s  wou ld   have   bene f i c i a l   e f f ec t s   o f  

1. reducing  maximum f l e x u r e  stresses, and 

2 .  i m p r o v i n g   a b i l i t y   o f   t h e   t h r u s t   p l a t e   t o   a l i g n   t o   t h e   a v e r a g e   p l a n e  

of t h e   t h r u s t   r u n n e r ,  

t h e   d e s i g n   o f   t h e   f l e x u r e   s u p p o r t ,  as c a l i b r a t e d ,  was j u d g e d   s a t i s f a c t o r y   f o r  

i n i t i a t i o n   o f   s i m u l a t o r   t e s t i n g .   S u b s e q u e n t  test r e s u l t s   f u l l y   c o n f i r m e d   t h a t  

t h e   f l e x u r e   d e s i g n  was s a t i s f a c t o r y   f o r   t h e   t u r b o a l t e r n a t o r   a p p l i c a t i o n .  
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Fig. IV-5 Measured  Load  Versus  Deflection  Characteristic 
for  the  Forward  Thrust  Bearing  Whipple-Plate 
Support  Flexure 



Test Eva lua t ion   o f   t he  Hydrodynamic Journa l   Bea r ings  

A comparison of measured  and  calculated  performance  for   the No. 1 j o u r n a l   b e a r i n g  

d u r i n g   s e l f - a c t i n g   o p e r a t i o n  i n  a i r  i s  shown i n   F i g u r e  IV-6. Calcu la ted   and  test  

d a t a  were ob ta ined  a t  t h r e e  levels of s imula to r   ambien t   p re s su re  - 14.7,  8.8, 

and  6.7  psia.  

S i n c e   t h e  two j o u r n a l   b e a r i n g s  are i d e n t i c a l ,   a n d   c a r r y   e s s e n t i a l l y   t h e  same l o a d s ,  

test  d a t a   f o r   o n l y   t h e  No. 1 b e a r i n g  are p resen ted   he re .   These   da t a  were judged 

t o   b e   t h e   m o s t   c o n s i s t e n t   a n d   r e l i a b l e .  The f i l m   t h i c k n e s s   a n d   b e a r i n g   e c c e n t r i c i t y  

v a l u e s   p l o t t e d   i n   F i g u r e  IV-6 were ob ta ined  via t h e   f o u r   p i v o t - f i l m   c a p a c i t a n c e  

probes   des igna ted  as PF-1,  PF-2,  PF-3, and PF-4 i n   F i g u r e  11-23.  During  the  data 

r u n s ,   t h e  maximum d i f f e r e n c e   i n   p i v o t - f i l m   t h i c k n e s s   i n d i c a t e d  by  probes PF-3 and 

PF-4 i n   t h e   l o w e r   ( o r   l o a d e d )   p a d s  was 0.07 m i l s ,  o r   14   pe rcen t   o f   t he   nomina l   f i lm  

t h i c k n e s s .   S i m i l a r l y ,   t h e  maximum d i f f e r e n c e   i n   p i v o t - f i l m   t h i c k n e s s   i n d i c a t e d  

by  probes PF-1 and PF-2 in   t he   uppe r   (o r   un loaded)   pads  was 0.5 m i l s ,  o r  30 p e r c e n t  

of   the   nominal   f i lm  th ickness .   Average   f i lm- th ickness   va lues  are shown  on 

F igu re  IV-6. 

The ca lcu la ted   per formance   curves  .of Figure  IV-6 are based,  as well  as could   be  

de t e rmined ,   on   t he   ac tua l   cond i t ions   t ha t   ex i s t ed   du r ing   t he   da t a   runs .  The 

c a l c u l a t i o n s   i n c l u d e   t h e   e f f e c t s   o f  

1. measured   p ivo t - suppor t   f l exu re   s t i f fnes ses ,  

2. ac tua l   t empera tu re   l eve l s   and   t he rma l   expans ion   coe f f i c i en t s   fo r   t he  

v a r i o u s   b e a r i n g   p a r t s ,  and 

3. measured  zero-speed  set-up  clearance of  t h e   b e a r i n g .  

It is  seen  f rom  Figure IV-6 t h a t   t h e r e  is  q u i t e  good  agreement  (within 10 pe rcen t )  

b e t w e e n   t h e   c a l c u l a t e d   a n d   m e a s u r e d   f i l m   t h i c k n e s s   a n d   e c c e n t r i c i t y   r a t i o  

va lues   a t   ambient   p ressures   o f   6 .7   and  8.8 p s i a .  
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A t  the   14 .7   ps ia   ambient   p ressure   condi t ion ,   the   measured  f i l m  t h i ckness   va lues  

are cons ide rab ly  smaller t h a n   t h e   c a l c u l a t e d   v a l u e s .  A t  design  speed, the  measured 

f i lms   r ange   f rom  14   t o  24 p e r c e n t  smaller t h a n   c a l c u l a t e d ;   w h i l e  a t  4,000  rpm, 

t h e   d i s c r e p a n c y   h a s   i n c r e a s e d   t o   a b o u t  40 pe rcen t .  Data taken   in   January   o f   1967 

shows  somewhat g r e a t e r   f i l m   t h i c k n e s s   t h a n   t h e   o r i g i n a l   d a t a   t a k e n   i n  December of 

1965  under  the same o p e r a t i n g   c o n d i t i o n s   a n d   u s i n g   t h e  same bea r ing   pa r t s .   Whi l e  

t h e  later d a t a  may be  somewhat more  accurate  as a r e s u l t   o f  more c a r e f u l   c a l i b r a -  

t i o n  of the   comple t e   capac i t ance   p robe   r eadou t   sys t em,   t he re  is n o   q u e s t i o n   t h a t  

t he   measu red   f i lm   t h i cknesses  are s i g n i f i c a n t l y   l o w e r   t h a n   p r e d i c t e d .  

There is no  obvious   explana t ion   for   the   d i screpancy   be tween  ca lcu la ted   and  

measu red   bea r ing   pe r fo rmance ,   pa r t i cu la r ly  a t  the   14 .7   p s i a   ambien t   p re s su re  

cond i t ion .  The t h e o r e t i c a l   p r o c e d u r e s  are known t o   b e   r e a s o n a b l y   a c c u r a t e ,  as 

i s  ev idenced   by   t he   f a i r ly  good  agreement  obtained a t  6.7  and 8.8 psia   ambient  

p re s su re .  It can   on ly   be   conc luded   t ha t   t he re  was some exper imenta l   parameter  

which was n o t   a c c u r a t e l y   c o n t r o l l e d ,   m e a s u r e d ,   o r   t a k e n   i n t o   a c c o u n t .  

In   sp i te   o f   the   d i screpancy   be tween  the   ca lcu la ted   and   measured   bear ing   per formance ,  

the  measured  performance is  e n t i r e l y   a d e q u a t e   f o r   t h e   t u r b o a l t e r n a t o r   a p p l i c a t i o n .  

F o r   o p e r a t i o n   i n   a r g o n ,   t h e   f i l m   t h i c k n e s s e s  w i l l  b e   g r e a t e r   t h a n   i n  a i r  €or  any 

g i v e n   a m b i e n t   p r e s s u r e   c o n d i t i o n .   F o r   v e r t i c a l   o r i e n t a t i o n  of t h e   r o t o r ,   t h e  

p i v o t - f i l m   t h i c k n e s s   f o r   a l l   p a d s  w i l l  b e   g r e a t e r   t h a n  0.8 m i l s .  

Osc i l loscope   photographs  of t he   j ou rna l   bea r ing   f i lm   t h i ckness   t r aces   and   j ou rna l  

motions are p resen ted   and   d i scussed   i n   Sec t ion  V I 1  of t h i s   r e p o r t ,   i n   c o n n e c t i o n  

w i t h  test  eva lua t ion   of   the   bear ings   under   var ious   condi t ions  of a l t e r n a t o r   l o a d .  

These  photographs,  as well as a d d i t i o n a l   p l o t s   o f   c a l c u l a t e d   a n d   m e a s u r e d   p e r f o r -  

mance, were o b t a i n e d   u s i n g   t h e  same b e a r i n g   p a r t s  as were used   fo r  

t h e   f i r s t  series o f   s imu la to r  tests w i t h o u t   a l t e r n a t o r   l o a d .   I n   p a r t i c u l a r ,  

Figures  VII-9,  11, 1 7 ,  18  and 1 9  show f i l m   t h i c k n e s s  traces, jou rna l   mo t ions ,  

and  comparison  of   measured  and  calculated  performance  under   no-load  a l ternator  

condi t ions.   Figures   VII-16a  and  16c  document   the  s ta te-of-balance  ( in  terms of 

unba lance   o rb i t   s i ze )   ach ievab le   w i th   t he   ro to r -bea r ing   sys t em.   These   da t a   a r e  

a l l  t y p i c a l   o f   t h e   j o u r n a l   b e a r i n g   p e r f o r m a n c e   o b t a i n e d   d u r i n g   t h e  f irst  

s i m u l a t o r  test program,  and, i n   t h e   i n t e r e s t   o f   b r e v i t y ,  w i l l  n o t   b e   f u r t h e r  

p r e s e n t e d   o r   d i s c u s s e d   i n   t h i s   s e c t i o n .  
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I n  summary, pe r fo rmance   o f   t he   j ou rna l   bea r ings  was e x c e l l e n t   t h r o u g h o u t   t h e  

f i r s t   s i m u l a t o r  test program  (as well as throughout   the   subsequent  test  program 

w i t h   a l t e r n a t o r   l o a d ) ,  No s i g n   o f   b e a r i n g   o r   r o t o r - b e a r i n g   i n s t a b i l i t y  was 

d e t e c t e d  a t  any time. Likewise,  RO b e a r i n g   f a i l u r e s   o r   r u b s  were exper ienced .  
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Test E v a l u a t i o n   o f   H y d r o s t a t i c   J o u r n a l   L i f t - o f f   B e a r i n g s  

F igu re  IV-7 shows  measured  f i lm  thickness  versus s u p p l y   p r e s s u r e   f o r   t h e  two 

loaded   pads   o f   the  No. 1 and No. 2 j o u r n a l   b e a r i n g s .   T h e s e   d a t a  were ob ta ined  

w i t h   t h e   r o t o r   h o r i z o n t a l ,  no r o t a t i o n ,  a t  ambient   p ressures   o f  8.8 and  14.7 p i a ,  

and  using a i r  as t h e   b e a r i n g   l u b r i c a n t .  

It is  seen  f rom  Figure IV-7 t h a t   a d e q u a t e   l i f t - o f f   c l e a r a n c e s  are obta ined  a t  

bea r ing   supp ly   p re s su res  down t o  30 p s i g .  However, f o r  maximum assu rance  of 

s a f e   l i f t - o f f   f i l m   t h i c k n e s s ,  i t  is recommended tha t   supp ly   p re s su re   be   ma in ta ined  

i n   t h e   r a n g e   o f  40 t o  70 p s i g  when t h e   r o t o r  is  h o r i z o n t a l   i n  a 1-g f i e l d .  

Pe r fo rmance   o f   t he   l i f t -o f f   bea r ings  was e x c e l l e n t   t h r o u g h o u t   t h e   s i m u l a t o r  test 

program. No d e s i g n   r e v i s i o n s  were requ i r ed .  

The l i f t -o f f   bea r ings   shou ld   be   u sed   du r ing   s t a r t -up   and   shu t -down   o f   t he   t u rbo -  

a l t e r n a t o r   w h e n e v e r   t h e r e  is  a r a d i a l  component   of   rotor   weight   act ing  on  the 

lower  pads. As seen  f rom  Figure IV-6, p r e s s u r e   t o   t h e   b e a r i n g s   c a n   b e   s a f e l y  

s h u t   o f f  when ro to r   speed   exceeds  8,000 rpm. When o p e r a t i n g   w i t h   t h e   r o t o r  

v e r t i c a l ,   t h e   l i f t - o f f   b e a r i n g s   s h d u l d   n o t   b e   p r e s s u r i z e d .  

When o p e r a t i n g   t h e   s i m u l a t o r  a t  a n   i n t e r m e d i a t e   p o s i t i o n   b e t w e e n   t h e   h o r i z o n t a l  

a n d   v e r t i c a l ,   t h e   r a n g e   o f   s u i t a b l e   s u p p l y   p r e s s u r e s   f o r   t h e   l i f t - o f f   b e a r i n g s  

s h o u l d   b e   d e t e r m i n e d   p r i o r   t o   s t a r t - u p   o f   t h e   t u r b o a l t e r n a t o r .   T h i s   c a n   q u i c k l y  

b e  done by mak ing   an   i n -p l ace   ca l ib ra t ion   o f   f i lm   t h i ckness   ve r sus   supp ly  

p r e s s u r e  as i l l u s t r a t e d  by F igu re  IV-7. 
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Test Eva lua t ion   o f   t he  Hydrodynamic Thrus t   Bear ing  

The  same  hydrodynamic t h r u s t   b e a r i n g  was   used   th roughout   the   s imula tor  t e s t  pro- 

gram - no m o d i f i c a t i o n s   t o  i t s  des ign  were r e q u i r e d .   D u r i n g   a l l  t es t s ,  f i l m  

thickness   of   the   hydrodynamic  thrust   bear ing  was  measured  with  three  capaci tance 

p r o b e s   c i r c u m f e r e n t i a l l y   s p a c e d  90 degrees   apa r t   on  a 3 . 3  i n c h   b a s e  c i rc le .  As 

can   be  seen f rom  the   photograph   of   F igure   11-13 ,   the   p robes  were l o c a t e d   i n   t h e  

"seal"   region  of   the  hydrodynamic  bear ing.  

F igu re  I V - 8  i s  a compar i son   o f   measu red   and   ca l cu la t ed   f i lm   t h i ckness   ve r sus  

t h r u s t   l o a d   € o r   t h e   h y d r o d y n a m i c   t h r u s t   b e a r i n g   o p e r a t i n g   i n   a i r   a t   1 2 , 0 0 0  r p m  

(design  speed) .   The t es t  da t a  were ob ta ined   w i th  (1) an  ambient   pressure  of  

14.7 ps i a   and   t he   ro to r   o r i en ted   ve r t i ca l ly ,   and   (2 )   an   ambien t   p re s su re   o f   8 .8  

p s i a   a n d   t h e   r o t o r   o r i e n t e d   h o r i z o n t a l l y .  

The t h r u s t   b e a r i n g   f i l m   t h i c k n e s s   v a l u e s   p l o t t e d   o n   F i g u r e  I V - 8  a r e   a v e r a g e   v a l u e s  

o f   t he   f i lm   a s   de t e rmined   f rom  the   t h ree   capac i t ance   p robe   r ead ings .   Because  

of t he   c i r cumfe ren t i a l   spac ing   o f   t he   p robes ,   t he   deg ree   o f   mi sa l ignmen t   be tween  

t h e   t h r u s t   b e a r i n g   s t a t o r   a n d   r u n n e r   c o u l d   b e   m e a s u r e d .  Knowing t h e   r e l a t i v e  

p o s i t i o n s   o f   t h e   s t a t o r   a n d   r u n n e r   s u r f a c e s   p e r m i t t e d   d e f i n i t i o n  of t he   ave rage  

b e a r i n g   f i l m   t h i c k n e s s .  The maximum v a r i a t i o n   b e t w e e n   t h e   t h r e e   p r o b e   r e a d i n g s  

was  0.2 mils a t   t h e   l o w e s t   t h r u s t   l o a d   c o n d i t i o n  and  0.1 m i l  a t   t h e   h i g h e s t   l o a d  

c o n d i t i o n .   T h i s   d e c r e a s e   i n   f i l m   t h i c k n e s s   v a r i a t i o n   w i t h   i n c r e a s i n g   l o a d  demon- 

s t r a t e s   t h e   s e l f - a l i g n i n g   c a p a b i l i t y   o f   t h e  main t h r u s t   s t a t o r  due t o   t h e   f l e x u r e  

mounting  arrangement   which  was  provided  for   this   purpose.  

Two t echniques  were used t o   d e t e r m i n e   t h r u s t   l o a d .  One t echn ique   cons i s t ed   o f  

ca lcu la t ing   the   load   based   on   measurements   o f   p ressure   ac t ing   on   the   main   and  

r eve r se   t h rus t - load ing   f aces   o f   t he   d r ive   t u rb ine   ( s ee   F igu re  111-l), a s   w e l l   a s  

measurements of a m b i e n t   p r e s s u r e s   a t   o t h e r   i n t e r n a l   c a v i t i e s  of t h e   s i m u l a t o r .  

The   second  technique   cons is ted   o f   measur ing   the   def lec t ion   of   the   th rus t - s ta tor  

s u p p o r t   f l e x u r e ,   a n d   t h e n   d e t e r m i n i n g   t h r u s t   l o a d   f r o m   t h e   f l e x u r e   c a l i b r a t i o n  

curve  of   Figure  IV-5.   The  data   for   both  techniques of l oad   de t e rmina t ion   a r e  

p l o t t e d   o n   F i g u r e  I V - 8 .  A t  loads  greater   than  80  pounds,   the   agreement   between 

t h e  two load  measuring  techniques i s  very  good. A t  t he   l owes t   l oad   cond i t ion  

(approximately 2 2  pounds)   there  was a 50  percent   discrepancy  between  the two load 

values .   Since  both  measurement   techniques  involved  var ious  experimental  un- 

c e r t a i n t i e s ,  i t  was  not   possible   to   determine  which  technique  was  giving  the more 

a c c u r a t e   v a l u e .  

- 
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It is seen from  Figure IV-8 tha t   the   measured   load   capac i ty   o f   the   hydrodynamic  

t h r u s t   b e a r i n g  i s  less t h a n   t h e   c a l c u l a t e d   v a l u e   a t   f i l m   t h i c k n e s s e s  less than  

0.83 m i l s .  A t  f i l m   t h i c k n e s s e s   g r e a t e r   t h a n  0.83 m i l s ,  t he   l oad   capac i ty   exceeds   t he  

c a l c u l a t e d   v a l u e .  A t  t h e  maximum des ign   load  of 85 pounds, a v e r y   s a t i s f a c t o r y   f i l m  

th i ckness  of 1 .0  m i l  w a s  o b t a i n e d ,   t h i s   b e i n g   s l i g h t l y   i n   e x c e s s   o f   t h e   c a l c u l a t e d  

0.92 m i l  f i lm   t h i ckness .   These   da t a   i nd ica t e   t ha t   t he   t h rus t   bea r ing   pe r fo rmance  

i n   a r g o n   s h o u l d   b e   v e r y   c l o s e   t o ,   o r  may s l i g h t l y   e x c e e d ,   t h e   p r e d i c t e d   d e s i g n - .  

point  performance  summarized i n  Table  11-4. 

It i s  a l so   s een   f rom  F igu re  IV-8 t h a t   w h i l e   t h e   m e a s u r e d   l o a d   c a p a c i t y   e x c e e d s  

c a l c u l a t e d   l o a d   c a p a c i t y   f o r   f i l m s   g r e a t e r   t h a n  0.83 m i l s ,  t h e r e  is cons ide rab le  

d iscrepancy  i n  t h e   e x p e r i m e n t a l   d a t a   f o r   t h e  two  ambient   pressure  condi t ions.  

I n   t h e o r y ,   t h e r e   s h o u l d   b e   v e r y  l i t t l e  d i f f e r e n c e   i n   t h e   l o a d   v e r s u s   f i l m   t h i c k n e s s  

c u r v e   f o r  a v a r i a t i o n   o f  8 .8  t o   1 4 . 7   p s i a .   I f   a n y t h i n g ,   t h e   l o a d   c a p a c i t y   s h o u l d  

b e   s l i g h t l y  less a t  8.8  p s i a .  The test data ,   however ,   shows  considerable   var ia t ion 

i n   l o a d   c a p a c i t y  a t  f i l m  t h i c k n e s s e s   g r e a t e r   t h a n  1.1 m i l s ,  w i th  a g r e a t e r   c a p a c i t y  

a t  the  lower  ambient   pressure.  

There is  n o   l o g i c a l   e x p l a n a t i o n   f o r   t h e   e f f e c t   o f   a m b i e n t   p r e s s u r e  as i n d i c a t e d  by 

t h e  test d a t a .  However, a t  t h e  same t i m e  t h a t   a a b i e n t   p r e s s u r e  was changed, so 

a l s o  was r o t o r   o r i e n t a t i o n .  It is  b e l i e v e d   t h a t   t h i s   c h a n g e   i n   o r i e n t a t i o n  may 

h a v e   e f f e c t e d   t h e   a c c u r a c y   o f   t h e   l o a d   d a t a   v i a  some unrecognized  mechanism. No 

a t tempt  w a s  made t o   t r a c k  down t h e   s o u r c e  of e r r o r ,  since t h e   e r r o r  was s i g n i f i c a n t  

o n l y   a t   c o n d i t i o n s   o f   l a r g e   f i l m   t h i c k n e s s ,   a n d  a t  these   condi t ions   the   measured  

l o a d   c a p a c i t y  was a lways   cons ide rab ly   g rea t e r   t han   t he   p red ic t ed .  

The f a c t   t h a t   t h e   m e a s u r e d   l o a d   c a p a c i t y   o f   t h e   t h r u s t   b e a r i n g  i s  less than  

p r e d i c t e d  a t  small v a l u e s   o f   f i l m   t h i c k n e s s  i s  t y p i c a l  of a l l  sp i ra l -grooved  

b e a r i n g s   t h u s   f a r   t e s t e d .  The p r e d i c t e d   l o a d   c u r v e   a s s u m e s   t h a t   t h e   t h r u s t   p l a t e s  

are p e r f e c t l y - f l a t  a n d   a l i g n e d .   I n   a c t u a l   f a c t ,   t h e r e  is always some degree  of 

non-f la tness   and   misa l ignment .  A t  small f i l m   t h i c k n e s s e s ,   t h e s e   p r a c t i c a l   e f f e c t s  

r e s u l t   i n  a s i g n i f i c a n t   d e v i a t i o n   f r o m   t h e   i d e a l i z e d   f l a t   a n d   p a r a l l e l   c o n d i t i o n ,  

and a s i g n i f i c a n t   l o s s   i n   l o a d   c a p a c i t y   o c c u r s .   N o n e t h e l e s s ,   o p e r a t i o n   o f . t h e  

t h r u s t   b e a r i n g  down t o   f i l m   t h i c k n e s s e s   o f   0 . 7  m i l s  is c o n s i d e r e d   t o   b e   r e a s o n a b l e  

f o r  a b e a r i n g   o f   t h i s   s i z e   ( a s s u m i n g ,   o f   c o u r s e ,   t h a t   t h e   b e a r i n g   h a s   b e e n  
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p r o p e r l y   i n s t a l l e d   a n d   s e t - u p ) .  It is clear from  Figure IV-8, t h a t   t h e   b e a r i n g  

is capab le  of c a r r y i n g  a s i g n i f i c a n t  amount  of  overload a t  0.7 mils clearance. 

F igu re  IV-9 shows t h e   e f f e c t   o f   s p e e d  on hydrodynamic - load   capac i ty   fo r   cons t an t  

ambient   pressure  of  8.8 p s i a .   T h i s   d a t a   e x h i b i t s   t h e   e x p e c t e d   t r e n d   f o r   t h e  

e f f ec t   o f   speed   change ,   and   a l so   i nd ica t e s   t ha t   t he   t h rus t   bea r ing   can   s a fe ly  

c a r r y   d e s i g n   t h r u s t  a t  speeds  down t o  9,000 rpm. 

O s c i l l o s c o p e   p h o t o g r a p h s   o f   t h e   t h r u s t   b e a r i n g   f i l m   t h i c k n e s s   p r o b e   s i g n a l s  

dur ing   hydrodynamic   opera t ion   in  14 .7  ps i a   ambien t  a i r  are shown in   F igure   VII -20a .  

These are t y p i c a l   o f   t h r u s t   b e a r i n g   p e r f o r m a n c e   d u r i n g   t h e   f i r s t   s i m u l a t o r  test. 

It is  seen t h a t   t o t a l   i n d i c a t e d   r u n o u t   o f   t h e   t h r u s t   r u n n e r  was less than   0 .1  m i l .  
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I 

Te&..Evaluation  pf  the Main Hydros ta t ic   Thrus t   Bear ing  

Test d a t a   f o r   t h e  main h y d r o s t a t i c   t h r u s t   b e a r i n g  i s  p r e s e n t e d   i n   F i g u r e  IV-10. 

The p l o t t e d   c u r v e  was obtained  from  an  "in-place' '  t e s t  of   the  assembled  s imulator .  

Thrust   load was measured  by  the two techniques  descr ibed  for   - the  hydrodynamic 

t h r u s t   b e a r i n g .   A v e r a g e   t h r u s t   b e a r i n g   f i l m   t h i c k n e s s  was aga in   de t e rmined   v i a  

f i lm   t h i ckness   r ead ings   ob ta ined   f rom  the   t h ree   capac i t ance   p robes  mounted i n   t h e  

"seal"   region  of   the  hydrodynamic  thrust   bear ing.   Since  the  hydrodynamic  and  main 

h y d r o s t a t i c   t h r u s t   b e a r i n g s   u t i l i z e  common s t a t o r  a n d   r u n n e r   s u r f a c e s ,   t h e   t h r e e  

capac i tance   p robes   permi t ted   de te rmina t ion   of   the   amount   o f   misa l ignment   in   the  

main h y d r o s t a t i c   t h r u s t   b e a r i n g .  Based  on the  measured  misal ignment ,   an  average 

f i l m   t h i c k n e s s   v a l u e  was  obtained. 

Also   p lo t ted   on   F igure   IV-10  i s  t h e   p r e d i c t e d   d e s i g n - p o i n t   c o n d i t i o n   f o r   t h e  

main h y d r o s t a t i c   b e a r i n g  when ope ra t ing   w i th   a rgon   unde r   t he   p re sc r ibed   cond i t ions  

of   pressure.  

F igu re  IV-10  shows t h a t   t h e   a c t u a l   l o a d   c a p a c i t y  of t h e  m a i n   h y d r o s t a t i c   s l i g h t l y  

exceeds  the  predicted  capaci ty .   The  bear ing  could  thus  be  operated  a t   lower  

v a l u e s   o f   s u p p l y   p r e s s u r e   i f   t h i s   s h o u l d   b e   d e s i r a b l e .  I t  i s  a l so   s een   f rom 

Figure  IV-10  that   good  agreement   exis ts   between  the two techniques  used  for  measur- 

i n g   t h r u s t   l o a d .  The  degree of agreement i s  c o n s i s t e n t   w i t h   t h e   d a t a  of F igures  

I V - 8  and  IV-9 a t   l o a d   c o n d i t i o n s   a b o v e  100 pounds. 

A t  no time d u r i n g   t e s t i n g  of  t h e   s i m u l a t o r  was pneumatic hammer o f   t he  main 

h y d r o s t a t i c   t h r u s t   b e a r i n g   o b s e r v e d .   I n   a l l   r e s p e c t s ,   o p e r a t i o n  of the   bea r ing  

was judged t o   b e   s a t i s f a c t o r y   f o r   t h e   t u r b o a l t e r n a t o r   a p p l i c a t i o n .  
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F i g .  IV-10 Measured  Load  Versus  Fi lm Thickness Data 
f o r  the  M a i n   H y d r o s t a t i c  Thrus t  B e a r i n g  
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T e s t  Eva lua t ion   o f   t he   Reve r se   Hydros t a t i c   Thrus t   Bea r ing  

F igu re  I V - 1 1  shows  load   versus   f i lm  th ickness  test d a t a   f o r   t h e   r e v e r s e   h y d r o -  

s t a t i c  t h r u s t   b e a r i n g .  The d a t a  was obtained  from  an  "in-place" test o f   t he  

a s s e m b l e d   s i m u l a t o r .   I n   t h i s  case, th rus t   l oads   cou ld   on ly   be   de t e rmined  by' 

t he   d i f f e ren t i a l   p re s su re   measu remen t   t echn ique   a s   desc r ibed   fo r   t he   hydrodynamic  

t h r u s t   b e a r i n g .   S i n c e   t h e   r e v e r s e   t h r u s t   b e a r i n g  i s  r i g i d l y  mounted, t h e   f l e x u r e  

l o a d - d e f l e c t i o n   c a l i b r a t i o n   t e c h n i q u e  was no t   app l i cab le .   F i lm   th i ckness  w a s  

measured   wi th   the   s ing le   capac i tance   p robe   which  w a s  l o c a t e d   i n   t h e   b e a r i n g .  

A l so   p lo t t ed   on   F igu re  I V - 1 1  is  t h e   p r e d i c t e d   d e s i g n - p o i n t   c o n d i t i o n   f o r   t h e  

reverse h y d r o s t a t i c   b e a r i n g  when ope ra t ing   w i th   a rgon   unde r   t he   p re sc r ibed  

p res su re   cond i t ions .  It is  seen   t ha t   t he   measu red   f i lm   t h i ckness   unde r   t he  a i r  

t e s t  c o n d i t i o n s  is  33 percen t   be low  the   a rgon   des ign -po in t   f i lm   t h i ckness   a t   t he  

100  pound  load  condition. 

Using  the  measured test d a t a  i n   a i r   a s  a r e fe rence   po in t ,   t he   pe r fo rmance   o f  

t h e   b e a r i n g  was a n a l y t i c a l l y   e x t r a p o l a t e d   t o   t h e   a r g o n   d e s i g n - p o i n t   c o n d i t i o n .  

The r e s u l t i n g   c a l c u l a t e d   f i l m   t h i c k n e s s   f o r  a 100  pound  load was 1 . 2  m i l s  - 
s t i l l  20 percent   be low  the   p red ic ted   des ign   va lue .  A c o n c e r t e d   e f f o r t   t o   t r a c k  

down t h e   r e a s o n   f o r   t h i s   d i s c r e p a n c y  w a s  no t   a t t empted   s ince ,   f rom a p r a c t i c a l  

s t a n d p o i n t ,  1 . 2  m i l s  o f   c l ea rance  a t  t h e  100 pound des ign   l oad   cond i t ion  w a s  

more   t han   adequa te   fo r   s a fe   ope ra t ion   o f   t he   bea r ing .   In   add i t ion ,   t he   bea r ing  

w a s  s a f e l y   o p e r a t e d   a t   c l e a r a n c e s  down t o  0.7 m i l s ,  which  means t h a t  i t  

had  considerable   overload  margin.  It is  s u s p e c t e d   t h a t   p a r t  of t he   d i sc repancy  

between  measured  and  predicted  load  capaci ty  may have   been   due   to   bear ing  

misal ignment .  

A t  no t i m e  d u r i n g   t h e   s i m u l a t o r  test program w a s  pneumatic hammer o f   t h e   r e v e r s e  

hydros t a t i c   bea r ing   obse rved .   Pe r fo rmance   o f   t he   bea r ing  was judged   t o   be  

a d e q u a t e   f o r   t h e   t u r b o a l t e r n a t o r   a p p l i c a t i o n .  
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0.5 LO ' 1.5 - .  2.0 
FILM' THJCKNESS-MILS 

F i g .  IV-11 M e a s u r e d   L o a d   V e r s u s   F i l m   T h i c k n e s s  Data f o r  
t h e   R e v e r s e   H y d r o s t a t i c   T h r u s t   B e a r i n g  
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V. ANALYTICAL  INVESTIGATION OF ROTOR  RESPONSE AND STABILITY  TO  ALTERNATOR 

ELECTROMAGNETIC  FORCES 

The practical  application  of  gas  bearings  to  high-speed  rotating  machinery  is  a 

sufficiently  recent  event  that  many  important  technical  problem  areas are far 

from fully  explored.  Whereas  gas  bearings offer many  advantages in particular 

applications,  and  even  must be considered  essential  to  certain  types  of machinery, 

their  use  requires special  attention  in  areas  which  many  times  would not be 
considered with  conventially  lubricated  bearings. One such  example is the  appli- 

cation of gas  bearings  to  electrical  machinery. 

Conventional  electrical  machinery  runs  in  ball  bearings or oil-lubricated journal 

bearings. These  bearings  are  normally  dimensioned  and  designed  in  the  same  way 

as  in any  other  piece of rotat'ing  machinery  and  without  paying  any  special  atten- 

tion  to  the  magnetic  forces  present in the  machine.  This is  possible  because 
these  bearings are not  overly  sensitive  to  changes in load  or  to  dynamic  ex- 

citations.  With  gas bearings,  however, it is  not  possible to  ignore  the  magnetic 

forces. The load-carrying  capacity  of  gas  bearings  is  considerably  smaller  than 

that of oil bearings,  and it is  necessary  to know  the bearing  reactions  accurately 

when designing  the  bearings.  Furthermore,  gas  bearings  have  less  stiffness 

than oil  bearings and, of  even  greater  significance,  they  have  less  damping- 

especially  with  high  frequency  excitation. It is,  therefore, to  be  expected 

that  electrical  machinery  with  gas  bearings will exhibit  higher  amplitudes  and 

a  more  pronounced  frequency  response  than  similar  conventional  machinery.  Actual 

experience  shows  this  to be  the  case,and  in  several  machines  the  encountered 

vibration  amplitudes  were  sufficiently  large  to  require  modifications  or 

redesigns of the  unit.  Although  this  experience was limited  to  machines  with 

electric  motors,  it is natural to  expect  alternators  to  behave  in  a  similar 

fashion. For this  reason an analytical  investigation  of  the  NASA  turboalternator 

was  undertaken to  check  its  vibrational  response  and stability, and on the 

basis  of  the results,  determine if  the  design was  adequate  or  would  require 
modification. 

To perform  such an investigation,  it  is  first  necessary  to  know  what  the  alter- 

nator  magnetic  forces  are.  Although  it  is  possible,  as  shown later, to  estimate 

the  fundamental  part of the  magnetic  forces  from  a  rather  simple  analysis, an 
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e x t e n s i v e   s t u d y  is r e q u i r e d   t o   o b t a i n  a l l  the  force  components .   Such a s t u d y   h a s  

been  performed  by  the  General  Electric Company as a p a r t   o f   t h e  same o v e r a l l  

i n v e s t i g a t i o n ,   a n d   t h e   c a l c u l a t i o n s   i n   t h e   p r e s e n t   r e p o r t  are based on t h e   f o r c e  

va lues   suppl ied   by  G.E. The f o r c e s  are c a l c u l a t e d   f o r   s i x   d i f f e r e n t   o p e r a t i n g  

c o n d i t i o n s  of t h e   a l t e r n a t o r   o f   w h i c h   t h r e e  cases are fo r   ba l anced   l oad   cond i t ions  

a n d   t h e   o t h e r   t h r e e  cases are f o r   s n o r t   c i r c u i t   c o n d i t i o n s .  Only i n   t h e  l a t te r  

cases are the re   fo rce   componen t s   w i th   f r equenc ie s   h ighe r   t han   t he   fundamen ta l  

f requency.  

The m a g n e t i c   f o r c e s   c a u s e   t h e   r o t o r   t o   v i b r a t e   a n d   t h e y   a l s o   a f f e c t   t h e   s t a b i l i t y  

o f   t he   ro to r .   S ince   t he   fo rces  may c o n t a i n  a  number o f   f r equenc ie s ,   t he re   a lways  

e x i s t s   t h e   p o s s i b i l i t y   o f   e x c i t i n g   o n e   o r  more  of t h e   r e s o n a n c e s   o f   e i t h e r   t h e  

r o t o r   o r   t h e   s h o e s   i n   t h e   p i v o t e d - p a d   b e a r i n g s .   D e p e n d i n g   o n   t h e   m a g n i t u d e  

o f   t h e   f o r c e s   a n d   t h e   a v a i l a b l e  damping in   t he   sys t em,   t he   co r re spond ing   ampl i -  

tudes  could become p r o h i b i t i v e l y   l a r g e ,   e s p e c i a l l y  a t  h igher   f requencies   where  

t h e   b e a r i n g s   l o s e   m o s t  of t h e i r  damping capac i ty .   Fur . thermore ,   s ince   the   magnet ic  

f o r c e s   d e p e n d   d i r e c t l y   o n   t h e   e c c e n t r i c i t y   b e t w e e n   t h e   a x e s   o f   t h e   a l t e r n a t o r  

s t a t o r  a n d   t h e   r o t o r ,   a n y   r o t o r   v i b r a t i o n  w i l l  p roduce   forces ,   thereby   making  

i t  p o s s i b l e   t o   t r a n s f e r   e n e r g y   f r o m   t h e   a l t e r n a t o r   f i e l d   i n t o   v i b r a t i o n s   o f   t h e  

ro tor   which  may create a s i t u a t i o n   o f   s e l f - e x c i t e d   i n s t a b i l i t y .  

It is  the   pu rpose  of t h i s   d i s c u s s i o n   t o   p r e s e n t   t h e   m e t h o d s   d e v e l o p e d   t o   c a l c u l a t e  

t h e   a m p l i t u d e   r e s p o n s e   a n d   t o   c h e c k   s t a b i l i t y   o f   t h e   t u r b o a l t e r n a t o r ,   a n d   t o  

g ive   the   resu l t s   o f   computa t ions   per formed  for   the   machine   opera t ing  a t  12,000 rpm 

i n  a v e r t i c a l   p o s i t i o n   f o r   s i x   a l t e r n a t o r   l o a d   c o n d i t i o n s .  

Based  on  the  developed  analyses,   three  computer  programs were w r i t t e n   t o  

pe r fo rm  the   ca l cu la t ions .   These   p rog rams   a r e   su f f i c i en t ly   gene ra l   t ha t  a wide 

range   of   opera t ing   condi t ions  of t h e   t u r b o a l t e r n a t o r   c o u l d   b e   i n v e s t i g a t e d .  

However, f o r   t h e   p a r t i c u l a r   s p e c i f i e d   o p e r a t i n g   c o n d i t i o n s ,   t h e   r e s u l t s   d i d   n o t  

show any  response  ampli tudes of s i g n i f i c a n c e   n o r  was any   dange r   o f   i n s t ab i l i t y  

ind ica ted .   Thus ,  i t  was c o n c l u d e d   t h a t   f o r   t h e   s p e c i f i e d   c o n d i t i o n s ,   t h e  

magnet ic   forces   have  no a d v e r s e   e f f e c t  on  the  performance  of  the  machine.  
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Discussion  of  the  Technical  Problem 

The turboalternator  consists  of  a  four-pole  homopolar-type  generator  whose  poles 

are integral  with  the  shaft. The shaft is supported in two  four-shoe  pivoted- 

pad  gas journal  bearings,  and  the  wheel  of  the  two-stage  turbine  is  overhung  at 

one end  of  the  shaft.  At  the  other  end  of the  shaft  is  the  thrust  bearing  runner, 

also overhung. The generator  poles are arranged such that  two  of  the  poles  (say 

the  two  northpoles) are in one  plane, 180 degrees  apart,  and  the  other  two 
poles,  southpoles are in a  different  plane,  displaced 90 degrees  from the 

northpoles. When the  rotor  is  eccentric  with  respect  to  the  magnetic  axis  of 

the  alternator  stator,  forces will be set up in each  pole  plane  because  of  the 

magnetic  unbalance. Since  the  allowable  eccentricity  is  small in comparison 

with the  generator  air  gap,  the  forces  can be taken  to be directly  proportional 

to  the  displacement  of  the  rotor  center. One force.  consists  of  a  steady  magnetic 

pull, acting  as  a  negative  spring force  in  the  direction of  rotor  displacement. 

In addition  there are a  number  of  force  components  which  also  are  directly 

proportional  to  rotor  eccentricity  and  vary  harmonically  with  time.  When 

the  alternator  load  is  balanced  and  there  are  no  short  circuits,  the  predominant 

force  fre-ency  by  far is twice  the  angular  speed  of  the  rotor.  Other  frequencies 

also  present are caused  by  stator slotting,  amortisseur  slots, and  harmonics in 

the MMF; but,except  for  certain  short  circuit  conditions,these  force  components  are 

so small they can be  ignored. On this  basis,  it  is  possible  to  arrive  at an 

expression  for  the  magnetic  forces  by  means  of  a  very  simple  analysis  which, 

though  approximate,  gives  a  good  estimate  of  the  forces [16]. 

Assume  the MMF to be  constant, i.e., ignore  any  harmonics in the MMF and  ignore 

the  armature  reactance.  Then  the  flux  density B in  the  alternator  air  gap  is 

where  is  the  permeability  of  air and  h  is the  air gap.  Introduce a 

coordinate  system  with  origin  in  the  center  of  the  alternator  stator, 

vertical  downwards  and  the  y-axis  horizontal. 

Cartesian 
the  x-axis 
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Cente r   o f   S t a to r  / 

/ 
/ 

x 

/ 

Line   in   Rotor   Pass ing   Through 
Cen te r s  of Nor th   Poles  

Center  of Rotor  

4 3  1 + 0 Angular  Speed  of  Rotor 

The r o t o r  i s  e c c e n t r i c  by t h e  amount 6 and  the   angle   be tween  the   x -ax is   and   the  

d i r e c t i o n   o f   e c c e n t r i c i t y  i s  B .  The angular   speed  i s  LU. I f  t h e  mean a i r g a p  

i s  C ,  t h e   a i r g a p   t h i c k n e s s   c a n   b e   w r i t t e n   a s  

h = C - ~ C O S ( B  - B )  

where 0 i s  t h e   a n g l e   f r o m   t h e   s t a t o r  x a x i s   t o  a r a d i a l   l i n e   i n   t h e   r o t o r   p a s s i n g  

t h r o u g h   t h e   c e n t e r s   o f   t h e   n o r t h   p o l e s .  

S ince  s<&, t h e   f l u x   d e n s i t y  becomes 

where 

Bo = - Ll "MF 
C 

Bo i s  t h e   f l u x   d e n s i t y  when t h e  r o t o r  i s  c o n c e n t r i c   w i t h   t h e   s t a t o r .  To f i n d  ,-. 
the   magnet ic   forces   caused   by   one   po le ,  i t  i s  n e c e s s a r y   t o   i n t e g r a t e  B" ove r   t he  

pole   a rea .   The   force   has  two components, Fx and Fy. 

where   the   numer ica l   fac tor  i s  a c o n v e r s i o n   f a c t o r   t o   g e t   t h e   f o r c e   i n  pounds when 

t h e   a r e a  A i s  in   squa re   i nches   and  B i s  i n   k i l o l i n e s  p e r  square   inch .  The pole   has  

a r a d i u s  R,  a l eng th  L and  extends  over   an  angle  cy. Assume t h a t   a t   t i m e   e q u a l   z e r o  
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t h e   n o r t h   p o l e s  are on  the x-axis s u c h   t h a t   t h e   c e n t e r  of one  pole  w i l l  be  a t  

8=wt a n d   t h e   c e n t e r  of t h e   o t h e r   p o l e  a t  e=wt+a. The t o t a l   m a g n e t i c   f o r c e  

is t h e  sum of t h e  two p o l e   f o r c e s  and  becomes 

From the   f i gu re   above  i t  i s  s e e n   t h a t :  

U" L S , 3  
I 

Hence, i n   t h e   p l a n e  of t h e   n o r t h p o l e s ,  

or 

where 
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The sou thpo les  are l a g g i n g   t h e   n o r t h p o l e s  by 90 degrees.   Hence,  the  magnetic 

f o r c e s  i n  t h e   p l a n e   o f   t h e   s o u t h p o l e s  become: 

Thus, i f   t h e   r o t o r   d i s p l a c e m e n t s  are t h e  same i n   t h e  two p o l e   p l a n e s ,   t h e   n e t  

f o r c e   o n   t h e   r o t o r  i s  independent   o f   t ime,but   there  w i l l  be  a t i m e  va ry ing  

moment . 
The poles   have   the   fo l lowing   d imens ions :  

l e n g t h :  L = 1.96 inch  

r a d i u s :  R = 2.6   inch  

arc: d = 63" = 1.1 r a d i a n  

r a d i a l   a i r g a p :  C = 0.040 i nch  

Assuming a f l u x   d e n s i t y   o f   4 5   k i l o l i n e s   p e r  sq. i nch  a t  r a t e d  power, t h e   f o r c e  

g r a d i e n t s  become: 

which i s  c l o s e   t o   t h e  more   accura te   va lues   o f  Q =5,630  and Q =6,870 c a l c u l a t e d  

by the   Gene ra l  E lec t r ic  Co. from t h e i r  more   comprehens ive   ana lys i s   fo r   t he  

c o n d i t i o n   o f   t h e   a l t e r n a t o r   o p e r a t i n g   w i t h   b a l a n c e d   l o a d ,  0.8 PF, 15  KVA and 

n o   s a t u r a t i o n   e f f e c t s .  

0 1 

For o t h e r   o p e r a t i n g   c o n d i t i o n s   o f   t h e   a l t e r n a t o r ,   e s p e c i a l l y   u n d e r   s h o r t   c i r c u i t  

c o n d i t i o n s ,   t h e   f o r c e s  may b e   d i f f e r e n t   s u c h   t h a t   t h e r e   a p p e a r  terms i n v o l v i n g   t h e  

cos ines   and   s ines  of not  only  2wt,  b u t  a l s o  of 4 w t ,  6wt,  and s o  on,  i n   t h e  
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force equations.  As shown in Appendix E, the general  expressions  for  the 
forces are of  the  form: 

It is seen that  the  equations  derived  above  from  the  simple  analysis  conform  to 
this  form  by  setting N=l,  Q  =Q =-Qo, Q  =-Q =Ql and 9 
found  that  for  the  three  balanced  load  conditions  analyzed  by G.E., this  simpler 

form  of  the  equations  apply.  Only  for  the  three  short  circuit  conditions is it 

necessary  to  use  the more  general form. 

x0 yo  x1  yl , x1= T yl'0' It is 

Let  the  rotor  center  be  eccentric  with  respect  to  the  center  of  the  alternator 

stator and have  the  static  coordinates (x o,vo) where X and y o  are specified 
values.  If  the  rotor  amplitudes rC and 9 are  measured  from  this  steady-state 
point,  the  magnetic  forces  can  be  written  as 

0 

I 

'I 
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Thus ,   t he   magne t i c   fo rces  are composed of two p a r t s :   o n e   p a r t ,  namely Fxo 

and F which i s  independent   of   the   ampli tudes;   and  one  par t ,   namely F and 
YO X 

F which i s  d i r e c t l y   p r o p o r t i o n a l   t o   t h e   a m p l i t u d e s  jf and and F 

c a n   b e   c o n s i d e r e d   t o   b e   e x t e r n a l   t o   t h e   r o t o r   a n d   t a k e n  as a c t i v e   f o r c e s ; w h e r e a s ,  

F and F are p a s s i v e   f o r c e s .  The a c t i v e   f o r c e s  w i l l  make t h e   r o t o r   w h i r l ,   w h i l e  

t h e   p a s s i v e   f o r c e s   a r e   a n   i n t e g r a l   p a r t   o f   t h e   r o t o r - b e a r i n g - a l t e r n a t o r  dynami'c 

system. 

Y '  9 .  Fxo YO 

X Y 

By a d d i n g   t h e   p a s s i v e   m a g n e t i c   f o r c e s   t o   t h e   r o t o r - b e a r i n g   s y s t e m ,   t h e   p o s s i b i l i t y  

arises t h a t   t h e   s y s t e m  may become u n s t a b l e .  To e x p l a i n   t h i s  phenomena,  assume 

t h a t   t h e   r o t o r   e q u i l i b r i u m  is d i s t u r b e d , a n d   t h e   r o t o r   c e n t e r  is set i n  harmonic 

motion  descr ibed  by:  

whereY is  the   f requency   of   the   mot ion .  The power E i m p a r t e d   t o   t h e   r o t o r  by 

the   magne t i c   fo rces  is 
I ... 

where T is  t h e  time o f   o n e   c y c l e .   S u b s t i t u t i n g   f o r  F and F from E q s .  (8) and 

( 9 ) ,  and f o r  X and  from Eqs .  (16)  and  (17) , t h e   i n t e g r a l  becomes 
X Y 
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Hence ,   for   p roper   va lues   o f  X , X s  ]yc and Ljs t h e  power i n p u t   t o   t h e   r o t o r  

f rom  the   magnet ic   forces  may become posi t ive. .   Thereby,net   energy w i l l  be   t rans-  

f e r r e d   f r o m   t h e   m a g n e t i c   f i e l d   t o  a wh i r l i ng   mo t ion   o f   t he   ro to r ,  and i f  

t he   ro to r   damping  i s  i n s u f f i c i e n t   t o   d i s s i p a t e   t h i s   e n e r g y ,   t h e   r o t o r  w i l l  b e  

u n s t a b l e .  It  should b e  no ted   t ha t   t he   f r equency   o f   t he   i n s t ab i l i t y   mo t ion  i s  

one  half   of   the   f requency  of   the  magnet ic   forces .   Hence,  when the  predominant 

magnet ic   force  f requency i s  twice the   speed   o f   t he   , ro to r ,   t he   wh i r l   f r equency  

w i l l  equa l   t he   ro to r   speed .  It i s  t o  be e x p e c t e d ,   t h e r e f o r e ,   t h a t   t h e   r o t o r ' s  

t e n d e n c y   t o   i n s t a b i l i t y  w i l l  be most  pronounced in   the  neighborhood  of   the 

c r i t i c a l   s p e e d s   o f   t h e   r o t o r .   T h i s  i s  found t o  b e  t h e   c a s e .  A more d e t a i l e d  

d i s c u s s i o n  and a n a l y s i s  i s  given  in   Appendix F .  

C 

Whereas the   pas s ive   magne t i c   fo rce ' s   on ly   d i s tu rb   t he   s t a t i c   ro to r   equ i l ib r ium 

when t h e   r o t o r  i s  u n s t a b l e ,   a n y   b u i l t - i n   e c c e n t r i c i t y   b e t w e e n   t h e   s t a t o r  and 

t h e   r o t o r   p r o d u c e s   a c t i v e   f o r c e s   w h i c h   c a u s e   t h e   r o t o r   t o   w h i r l .  To c a l c u l a t e  

t he   co r re spond ing   ampl i tude   r e sponse   o f   t he   ro to r ,   t he   f r equency   componen t s   o f  

t h e   a c t i v e   f o r c e s   a r e   a p p l i e d   t o   t h e   r o t o r   o n e   a t  a t ime,and   the   to ta l   ampl i -  

tude i s  then  determined by s u p e r p o s i t i o n   o f   t h e   r e s u l t s   f r o m   t h e   i n d i v i d u a l  

ca l cu la t ions .   S ince   t he   magne t i c   fo rce   g rad ien t s   a r e  much sma l l e r   t han   t he  

r o t o r - b e a r i n g   s t i f f n e s s   ( t h e   l a t t e r  is  of t he   o rde r  l o5  whereas  the  magnetic 

f o r c e   g r a d i e n t s   a r e  maximum of the   o rde r  6x10 ) ,  only  those  components of the  

passive  forces   which  have a f requency  of  twice the   app l i ed   f r equency   en te r  

i n t o   t h e   c a l c u l a t i o n s .  The d e t a i l s   a r e   g i v e n   i n   A p p e n d i x  G .  

3 

The p r i n c i p a l   r e a s o n   f o r   c a l c u l a t i n g   t h e   a m p l i t u d e   r e s p o n s e  is t o   d e t e r m i n e  

i f   t h e   r o t o r   a m p l i t u d e  becomes t o o   l a r g e   f o r  an acceptable   performance  of  

t he   mach ine .   S ince   t he   app l i ed   magne t i c   fo rces  are r a t h e r  small, n o t  
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e x c e e d i n g   1 4   p o u n d s   f o r   t h e   s p e c i f i e d   b u i l t - i n   e c c e n t r i c i t y   o f  0.002 inches ,  i t  

is  t o   b e   e x p e c t e d   t h a t   t h e   r o t o r   a m p l i t u d e s  w i l l  b e  small i n   g e n e r a l .  However, 

t h e   f o r c e s  may conta in   severa l   f requency   components .   There  is, t h e r e f o r e ,   a l w a y s  

a p o s s i b i l i t y   t h a t  i f  one   o r   more  of t h e s e   f r e q u e n c i e s  are s u f f i c i e n t l y   c l o s e   t o  

a resonance of e i t h e r   t h e   r o t o r   o r   t h e   s h o e s   i n   t h e   p i v o t e d - p a d   j o u r n a l   b e a r i n g s ,  

l a r g e   a m p l i t u d e   v i b r a t i o n s  may be   exc i t ed .   Th i s  is e s p e c i a l l y   t r u e  a t  the   h igh  

f r equenc ie s   where   t he   bea r ings   l o se   mos t   o f   t he i r   damping   capac i ty .   Thus ,  i t  

is necessa ry  as a p a r t   o f   t h i s   i n v e s t i g a t i o n   t o   c a l c u l a t e   t h e   s t i f f n e s s  and t h e  

damping   of   the   gas   f i lm  in   the   p ivoted-pad   journa l   bear ings .   The   methods   for  

d o i n g   t h i s  are developed  in   Appendices  A t o  D. 

The b a s i c   a n a l y s i s  is g iven   in   Appendix  A where   the   equat ion   govern ing   the  

p r e s s u r e   d i s t r i b u t i o n   i n   t h e   g a s   f i l m   o f  a s i n g l e  pad  (Reynolds  equation) i s  set 

up i n  a f o r m   s u i t a b l e   f o r   n u m e r i c a l   e v a l u a t i o n .  By performing a small per turba-  

t i o n   o n   t h e   d i s p l a c e m e n t s   a n d   v e l o c i t i e s   o f   t h e   j o u r n a l   c e n t e r ,   a d d i t i o n a l   e q u a t i o n s  

are der ived   f rom  which   the   cor responding   changes   in   the   gas   f i lm  pressure   can   be  

found. The s t i f f n e s s  and  damping c o e f f i c i e n t s   f o r   t h e   p a d   c a n   t h e n   b e   o b t a i n e d  by 

i n t e g r a t i o n   o f   t h e   d i f f e r e n t i a l   p r e s s u r e s .  The  numerical   procedures  employed  in 

s o l v i n g   t h e   e q u a t i o n s  are descr ibed  in   Appendix B and  Appendix C. It i s  found 

t h a t   t h e   p a d   f i l m   c o e f f i c i e n t s  are func t ions   o f   the   pad   geometry  (arc l e n g t h ,  

l e n g t h - t o - d i a m e t e r   r a t i o   a n d   p i v o t   p o s i t i o n ) ,   t h e  s t a t i c  e c c e n t r i c i t y   o f   t h e  

j o u r n a l   c e n t e r   w i t h   r e s p e c t   t o   t h e   c e n t e r   o f   t h e  pad arc, t h e   c o m p r e s s i b i l i t y  

number A ( A  = - (-) where p is  t h e   g a s   v i s c o s i t y ,  pa is  the   ambien t   p re s su re ,  

w i s  the   angu la r   speed  of  t h e   r o t o r ,  R is  the   pad   rad ius   and  C is t h e   r a d i a l  

c l e a r a n c e ) , a n d   f i n a l l y ,   t h e   r a t i o   - b e t w e e n   t h e   f r e q u e n c y  v of t h e   r o t o r   m o t i o n  

and the   angu la r   speed  o of t h e   r o t o r .   H e n c e ,   f o r  a pad  with  specif ied  geometry 

and  load,  and  where  the  gas  has a known v i s c o s i t y  and   ambien t   p re s su re ,   t he   gas  

f i l m   s t i f f n e s s  and  damping are f u n c t i o n s   o f   t h e   r o t o r   s p e e d  and the   f requency   of  

t h e  dynamic  motion.  For a f ixed  speed  they  depend  only  on  the  f requency as shown 

i n   F i g u r e s  V-3 t o  V-10. 

6pw R 
C 

2 

Pa 

V 
w 

Once t h e  dynamic coe f f i c i en t s   have   been   ob ta ined   fo r   each  of t h e   i n d i v i d u a l   p a d s ,  

they   can   be   combined   to   de te rmine   the   dynamic   coef f ic ien ts   represent ing   the  

comple t e   p ivo ted -pad   bea r ing .   In   combin ing   t he   pad   coe f f i c i en t s , i t  i s  necessary  

t o   i n c l u d e   t h e  dynamic   mot ion   of   the   shoes   on   the i r   p ivots   and   f lexures .  
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The  method is d e s c r i b e d   i n   d e t a i l   i n  Appendix D. Here,it is  a l s o  shown how t h e  

motion  of   the  pads  can  be  found.  

Wi th   the   spr ing   and   damping   coef f ic ien ts   for   the   comple te   p ivoted-pad   bear ing  

known, - .  t h e  dynamic  model   of   the   rotor-bear ing-al ternator   system  can  be set up 

and it  c a n   b e   t e s t e d   f o r   s t a b i l i t y  as descr ibed   in   Appendix  G. S i m i l a r l y ,  the  

ampl i tude   r e sponse   o f   t he   ro to r ,   c aused   by   t he   magne t i c   fo rces   and   t he   mechan ica l  

u n b a l a n c e   p r e s e n t   i n   t h e   r o t o r ,   c a n   b e   c a l c u l a t e d  as d i s c u s s e d   i n   d e t a i l   i n  

Appendix G .  

The m e t h o d s   u s e d   f o r   t e s t i n g   t h e   s t a b i l i t y   o f   t h e   r o t o r   a n d   f o r   c a l c u l a t i n g   t h e  

r e sponse   o f   t he   ro to r  are approximate,  a t  least i n   t h e o r y .  By adding   the  harmon- 

i ca l ly -va ry ing   pas s ive   magne t i c   fo rces   t o   t he   ro to r -bea r ing   sys t em,  i t  no  longer  

i s  a s ingle   f requency-response   sys tem,which   means   tha t   the   sys tem w i l l  n o t   v i b r a t e  

w i th   j u s t   one   f r equency .  Any v i b r a t i o n  w i l l  c o n t a i n  a series of   f requencies  

( a c t u a l l y , i n f i n i t e  many).  However, when t h e   g r a d i e n t s   o f   t h e   m a g n e t i c   f o r c e s   a x e  

cons ide rab ly  smaller t h a n   t h e   r o t o r - b e a r i n g   s t i f f n e s s ,   t h e   a m p l i t u d e   o f   t h e   f u n d a -  

menta l   harmonic   dominates   the   v ibra t ion   comple te ly   and  a l l  o ther   f requency  

components   can  be  ignored.   With  the  ra t io   between  the  magnet ic   force  gradients  

a n d   t h e   b e a r i n g   s t i f f n e s s   b e i n g   o f   t h e   o r d e r   0 . 1  as f o r   t h e   p r e s e n t   m a c h i n e ,   t h e  

e r r o r   i n v o l v e d  is less than   one   percent .  
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RESULTS 

C a l c u l a t i o n s  were per formed  for  the r o t o r   o p e r a t i n g   v e r t i c a l l y  a t  12,000 rpm. 

The r o t o r   h a s  a mechanical   unbalance  of   0 .005  oz- inch  in   the  turbine  wheel ,  

and i t s  r e s p o n s e   a n d   s t a b i l i t y  were i n v e s t i g a t e d   f o r   s i x   o p e r a t i n g   c o n d i t i o n s  

of t h e   a l t e r n a t o r .  The b e a r i n g   d a t a   a r e  

d iameter :  D = 3.5 inch  

l eng th :  L = 3.5 inch  

r a d i a l   c l e a r a n c e  of pad: C = 0.00175  inch 

pre load:  m =  0 . 5  

number of  pads: 4 

pad arc:  80 degrees  

p i v o t   p o s i t i o n :  65  per   cent   f rom  leading  edge 

mass of one  pad: m = 0.568  lb .  

pad mass moment of  i n e r t i a   f o r   p i t c h   a x i s :  I = 0.00102  lbs- in-sec 

pad mass moment of i n e r t i a   f o r  r o l l  a x i s : '  = 0.00150  lbs- in-sec 

pad mass moment of  i n e r t i a   f o r  yaw a x i s :  If = 0.00252  lbs - in-sec  

P 2 

2 

2 

P 

I? 

u p p e r   p i v o t   f l e x u r e   s t i f f n e s s :  K = 

l o w e r   p i v o t   f l e x u r e   s t i f f n e s s :  K = 

g a s   v i s c o s i t y :  p = 4.2.1O-' l b s - s e c  

i n  

P 

P 

2 

30,000 l b s / i n  

90,000 l b s / i n  

(Argon a t  300°F) 

ambient  pressure:   Pa = 1 2 . 5   p s i a   f o r   t h r u s t   b e a r i n g  end 

Pa = 1 0 . 5   p s i a   f o r   t u r b i n e   e n d   b e a r i n g  

The b e a r i n g   c o m p r e s s i b i l i t y  number A i s  de f ined  as 

where R i s  t h e   j o u r n a l   r a d i u s  and w i s  the   angu la r   speed   o f   t he   ro to r ,  i . e . ,  

(u = 1257 r a d i a n s l s e c .  The remaining  symbols are def ined   above .   In t roducing  

the   numer ica l   va lues ,  becomes 

f o r   b e a r i n g   a t   t h r u s t   b e a r i n g  end fl = 2 .5  

f o r   b e a r i n g  a t  turb ine   end  A =  3 . 0  
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With   these   va lues   o f f !   and   the   g iven   pad   d imens ions   ( length- to-d iameter   ra t io :  

LID = 1, 80 degree  arc length   and  0.65 p i v o t   p o s i t i o n ) ,   t h e  pad  load W can   be  

ca lcu la ted   f rom  the   computer   p rogram  based   on   the   ana lys i s   in   Appendices  A and 

B. The r e s u l t s  are p l o t t e d   i n   F i g .  V-1 where   t he   o rd ina te   g ives   t he   pad   l oad  

in   d imens ion le s s   fo rm as W /P LD (W i s  i n  l b s . )  and t h e   a b s c i s s a  i s  :=,, c{:jYp 

where f , , i s  t h e   e c c e n t r i c i t y   r a t i o   f o r   t h e  pad  and is  t h e   a t t i t u d e   a n g l e .  

The   gas   f i lm   t h i ckness   ove r   t he   p ivo t  is  

P 

P a  P 

Thus,  Fig. V-1 g i v e s   t h e   l o a d   o n   t h e  pad as a f u n c t i o n   o f   r a d i a l   j o u r n a l  

d i sp l acemen t .   On ly   t he   r e su l t s   fo r  A = 3 are shown s i n c e   t h e   d a t a   f o r  A = 2.5 

are a lmos t   t he  same. 

The  pivoted-pad  bearing  has  four  shoes  located 45 degrees   f rom  the   ve r t i ca l .  

Knowing t h e   l o a d   c h a r a c t e r i s t i c s   o f   e a c h   p a d ,   t h e   t o t a l   b e a r i n g   l o a d   c a n   b e  

determined. L e t  t h e   j o u r n a l  downward d isp lacement   f rom  the   bear ing   cen ter   be  

e and l e t  the   co r re spond ing   eccen t r i c i ty   be tween   t he   j ou rna l   cen te r   and  a 

pad   cen ter   be  e . Then  f rom  geometr ica l   cons idera t ions ,  
B 

P 

(- f o r   t o p   p a d s ,  + for   bo t tom  pads)  

where C '  is t h e   p i v o t   f i l m   t h i c k n e s s  when t h e   j o u r n a l  i s  c o n c e n t r i c   i n   t h e  

bear ing .   Def ine  

b e a r i n g   e c c e n t r i c i t y   r a t i o :  E = e B / C '  (21) 

pad e c c e n t r i c i t y   r a t i o :  5, = ep/C 

p re load :  m = l -c ' /  C 

whereby Eq. (20)  c a n   b e   w r i t t e n  as 

(- fo r   t op   pads ,  + for   bo t tom  pads)  
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With  m = 0.5 , 

the  total  bearing  load W lbs.  becomes 
B' 

On this  basis  Fig.V-2 can be plotted.  Select a  value  of t B ,  find L~ ,u;4'p 
for  the  top  and  bottom  pads  from  Eq.  (25),enter  Fig.V-1  to  find W /P  LD 

for  both pads, multiply  by p LD from  the  data  given above, and  obtain  the 

corresponding  total  load  from  Eq. (26). Repeat  this  for  several  values  of 

fl whereby  the  two  load  curves, one for  the  turbine  end  bearing  and one for 

the  thrust  bearing  end  bearing'are  obtained as shown  in  Fig.  V-2. Also shown 

on Fig.  V-2  is  the  gas  film  thickness  at  the  pivot for  the  bottom  pads  as 

obtained by combining  Eqs. (19) and (25): 

P a  
a 

B 

In additi011,Fig.V-2  gives L,toSff for  the  top  and  bottom  pads  as a  function  of 

,' from  Eq.  (25). 
'' B 

Fig.  V-2  is  used  to  determine  the  operating  point  for  the  pads.  With a  known 

bearing  load,Fig.V-2 can  be entered  to  read o f f  the  corresponding  bearing 

eccentricity  ratio 6 and  the  pivot  film  thickness can be  checked  to  see 

that  it  is  not  too  small.  For  the  determined  value  of ' f B ,  (:,.:- , . ~ . .  ) for  the 

bottom  and  top  pads can  be taken  directly  from  Fig.V-2  after  which  Fig. V-1 

can  be  entered  to  calculate  the 1 oad on each  of  the  pads.  Knowing ( i. < 1 . (1' ) 

and W for a  pad, Figs.V-3  to  V-10 can be  entered  to  determine  the 8 dynamic 

film  coefficients  as a  function of  the  vibratory  frequency. 

"B 

r' 

P 

There  are 8 dynamic  coefficients  for  each  pad:  four  spring  coefficients, 
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Kft , K f 3  , Kqrf , K 7 3  (Ibslinch) ; and  four  damping  coefficients, B ? ?  , 
B ; ,  , B,;. , and B (lbs-seclinch).  For a  given  rotor  speed  and  given  dimen- 
sions  of  the  bearing,  they are only  functions  of  the  bearing  load  (or,  equiva- 

lently, t - , . cc~q~  ) and the vibratory  frequency 3 .  They are calculated as 

explained in  Appendices A and  C,  and are plotted in  dimensionless  form  in 

Fig.V-3  to  V-1.0 where  the  ordinate  gives  either CKI.k /W (and  similarly  for  the 

other  three  spring  coefficients) or CC.:B.. _. /Wp "and the  three  analogous  coefficients). 

Here,  C  is  the  radialpad  clearance (C=0.00175 inch), c;. is the  angular  speed 

( id  = 1257 radianslsec)  and W is  the  pad  load  in  lbs. The  abscissa  gives  the 

ratio u/iu between  the  vibratory  frequency 1. , radianslsec,  and  the  angular  speed i.~. 

For  stability  calculations  and  mechanical  unbalance  response  calculations, 

. I  3 ' 1  

. .. p 

Y! 

P 

'GIG, =l. For  magnetic  force  response  calculations,  however, / w  equals 2,4,6---,  
V 

depending on the  number of  frequencies  contained in  the  magnetic  forces  for 

the  specific  alternator  operating  condition  under  consideration. 

Apart  from  the  general  stiffening  of  the  gas  film as the  frequency  is increased, 

the  most  noteworthy  feature  of  the  curves  is  the  rapid loss of  damping  at  high 

frequencies. Thus, at a frequency  of 10 times  the  rotor speed, only  approx- 

imately 0.1 percent of the  total  damping  is  left  in  the  pad  film.  This, 

however,  does  not  necessarily  imply  a  similar loss of  damping for the  pivoted- 

pad  bearing  as a  whole,  since  the  combined  bearing  damping  also  includes 

the  phase  shift  between  pad  motion  and journal motion. On the  other  hand,  it  is 

obvious  that  the loss of  pad  film  damping  is  going  to  decrease  the  overall 

damping  to some  degree  and,  in  any  case,  the  damping  available to  control  the  pad 

inertia  is  small  at  high  frequencies. 

Once the 8 coefficients  have  been  obtained  for  each  of  the  individual  pads, 

they  can  be  combined  to  obtain  the  spring  and  damping  coefficients  for  the  complete 

pivoted-pad  bearing  as  described  in  Appendix D. This  is  not  done  as a  separate 

calculation  but  internally  within  the  computer  programs  for  calculating  stability 

and  response. In other words, these  computer  programs  accept  the  data  for  the 
individual  pads  as  input  and  perform  the  combination  internally.  The  programs also 

accept  as  input  the  dynamic  coefficients  for r o l l  and yaw of  the  pads  (see 

Appendices A and D) in  order  to  obtain  the  complete  pad  motion.  It  is  not  part 

of  this  investigation  to  calculate  these  coefficients  from  the  exact  theory 
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given   in   Appendix  A ,  I n s t ead   t hey   have   been   ob ta ined  by  employing  scalefactors ,  

d e r i v e d   f r o m   d a t a   a v a i l a b l e   f o r   i n c o m p r e s s i b l e  pad f i l m s .  

= 0.047 

= 0.058 

G 
- 3 = 0.053 
L ~ K  

37  

= 0.036 2 
'DBtt 

0.051 

0.050 

0.051 

From t h e s e   r e l a t i o n s h i p s , t h e  8 r o l l  and yaw c o e f f i c i e n t s ,  G t t ,  DttY e t c .   c a n  

b e  computed  f rom  the  a l ready  obtained  values   of  K 55'  B ( t Y  e tc .  

The r o t o r i s   r e p r e s e n t e d  by s t a t i o n s   a t  w h i c h   t h e   r o t o r  mass i s  lumped- The 

l e n g t h   b e t w e e n   t h e   s t a t i o n s ,   a n d   t h e  mass  and s t i f f n e s s   d i s t r i b u t i o n  of t h e  

r o t o r   a r e   g i v e n  by t h e   f o l l o w i n g   t a b l e :  

S t a t i o n  No. 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

Mass, l b s .  

6.839 

3.391 

3.713 

10.058 

0.  

7.91 

0.  

9.577 

3.559 

9.92 

Length  Between  Stations,  
Inch  

1.93 

3.94 

4.61 

1.25 

2.18 

1 .99  

1.34 

4 -08 

4.23 
"" 

Cross-Sect .  Mom. 
of I n e r t a ,   I n c h  4 

1.545 

3.062 

3.062 

3.72 

3.72 

3.72 

3.72 

3.062 

3.062 
""_ 
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The turbine  wheel is at  Station 1, the  thrust  runner  is at  Station 10 and  the 

two journal  bearings are located  at  Stations 3 and 9, respectively. The alter- 

nator  pole  planes  are  at  Stations 5 and 7. 

The magnetic  force  data  computed  by  the  General  Electric  Company  for  six  alter- 
nator  operating  conditions have been  reduced to  a form more suited  to  response 

and  stability  calculations  than  the  form in  which  the  data  was  reported  by 

General  Electric. The procedure  for  reducing  the  data  is  described  in  Appendix 

E, and  the  results are given  in  Table V-1. The reduction  consists  mainly  in  an 

elimination of the  power angle and  the  position angle f3,giving  the  direction 

of  rotor  displacement. The General Electric  data was obtained  from a  number 

of  Fourier  series  and  the  results  from  each  series  have  not  been  combined. 

Thus, there are  instances  where  quite  large  force  components  exist  in  General 
Electric's  equations,but  which  cancel  out when they are combined  such  that  the 

final  result is  a  remainder  of  a  subtraction  involving  large  numbers.  This 

obviously  affects  the  accuracy.  Case 4 in  Table  V-1  offers an example. Thus, 

for n = 1, the  force A is 0.03 lbs  which  is  obtained  from: 277.60-277.57 = 

0.03 lbs.  This  remainder  is  probably  smaller  than  the  error  involved  in  cal- 

culating the  individual  components. It is  also seen that  Bn  for n=O  in Cases 

1, 2, 3 and 6 is not  quite  zero  which  it  obviously  should  be.  While  this 

is  of  no  physical  importance,  it does  give an indication  of  the  accuracy  of 

the  numbers. 

n 

The results of the  rotor  response  calculations  are  summarized  in  Table V-2. There 

are  six  operating  conditions  of  the  alternator  and  a  seventh  condition,  where 

saturation  effects  in  the  alternator  have  been  ignored,  is  also  included  (Case 1). 

Furthermore,  a  mechanical  unbalance  of 0.005 02.-in.  in  the  turbine  wheel  can 

be  present.  Several  cases were investigated: First, the  rotor  may  have  a  uniform 

eccentricity  of 0.002 inch  (i.e.,the same eccentricity  in  each  pole  plane) in 

which  case  the  time  varying  magnetic  forces  in  general  exert  a  moment  on  the 

rotor.  This  case is calculated  both  without  and  with  mechanical  unbalance  for 

all the  operating  conditions  of  the  alternator.  Secondly,  the  case  where  the 

rotor  is  tilted  and  only  eccentric  in one pole  plane was calculated. The 

effect  of  the  magnetic  forces  is  then  predominantly  to  exert a force on  the  rotor. 
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Thirdly,  the  rotor  is  tilted  such  that it  is  eccentric in each  pole  plane  but in 

opposite  directions. Again, the  effect  is  predominantly  to  exert  a  force on the 

rotor.  Finally,  the  case of  a  mechanical  unbalance  alone  has  been  studied. It 

is  found  that  the  rotor  and  bearing  shoes have very small  vibration  amplitudes 

under all conditions. The rotor  amplitudes  never  exceed 56 microinches  and  the 

largest  pad motion is a  pitch  amplitude  of 98 microinches  per  inch. In almost 
all  instances  the  amplitudes  are  less  than 50 microinches.  These  amplitudes are 
so small that  it will be  extremely  difficult  to  observe  them  in  the  actual  machine 

where  just  the  run-out of the  shaft  is  of  the  same  magnitude. It can,  therefore, 

be concluded  that  for an operating  speed of.12,OOO rpm the  magnetic  forces  have 

no important  influence on the  rotor  response. 

Turning  next  to  the  effect  of  the  magnetic  forces on the  stability  of  the  rotor, 

thc  results  are  shown  in  Fig.V-11. There,  the  abscissa  gives  the  rotor  speed  in 

rpm,and  the  ordinate  gives  the  stiffness  of  the  magnetic  forces  in  lbslinch.  In 

the  case  of  balanced  load  and  no  short  circuit  conditions, (i.e. Cases 1, 2, 

3 and 6 in  Table V-1) this  stiffness  can  be  taken  from  Table V-1 as the  value  of 
2 

b i n  + qxn  for n = 1 (i.e.,corresponding  to  the  2wt-component  of  the 
magnetic forces).  For  the  three  short  circuit  cases  (Cases 4 ,  5 and 7  in 
Table V-l),the  corresponding  magnetic  stiffness  is  determined  as  discussed  in 

Appendix F. In total,  the  magnetic  stiffness  for  the  7  operating  conditions  of 

the  alternator are 

Case Magnetic  Stiffness  for  Stability 
Investigation,  lbs/in 

6 , 8 6 4  

4 , 414 

3,970 

17 

2,310 

3,080 

2,050 

It is seen, that  the  rotor  operates  far  below  the  threshold  of  instability 
in  all  cases. Thus, there  is no  danger  of  encountering  rotor  instability 

due  to  the  magnetic  forces. 
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TABLE 17-1 
THE ELECTROMAGNETIC  ALTERNATOR  FORCES 

for 0.002 inch  eccentric - 
Case?') n  An,lbs  Bnlbs  Qxn,lbs/in q lbslin  Qyn,lbs/in qy lbs/in iQ-i,lbs/in - "- xn'  n' 

1 0 11.25  -0.09  -5,625  -46  -5,625  -46 5 , 625 

1 12.81  -4.94  -6,403  -2,471  6,403  2,471  6,864 

2 0 11.44 -0.09  -5,720 - 44 -5 , 720 - 44 5 ,721  

1 7.96  -3.82  -3,980  -1,909 3 , 980  1,909  4,414 

3 0 10.01  -0.05  -5,004  -26  -5 , 004  -26  5,004 

1 7.38  -2.94  -3,689  -1,468 3 , 689  1,468  3,970 

4 0 13.11 0.00 -6,555 

1 0.03 0.00 - 15 

2 0.02 0.00 - 10 
3 -0.02 0.00 10 

5 0.04 0.00 -20 

6 0.04 0.00 -20 

9 -0.16 0.00 80 

12 0.04 0.00 -20 

0 -6 , 535 

0 -5  

0 0 

0 0 

0 0 

0 0 

0 0 

0 0 

0 6,555 

0 15 

0 10 

0 10 

0 20 

0 20 

0 80 

0 20 

13  0.04 0.00 -20 0 0 0 20 

15  -0.02 0.00 10 

24  0.16 0.00 - 80 

25  -0.06 0.00 30 

49  0.04 0.00 -20 

0 0 0 

0 - 80 0 

0 -30 0 

0 20 0 

10 

80 

30 

20 

5 0 33.34  0.41  -16,670  203 - 12 , 730 - 1 , 700  16,670 

1 3.05  1.08  -1,523 54 0 167  64 1 , 615 

2 5.30  -6.87 -2,648 -3,436  -2,488 4 , 738  4,338 

3 0.72 5.55 - 359 2 , 775 - 707 -2 , 137 2 , 798 

6 0 7.64 -0.02 -3,819 - 10 -3,819 - 10 3,819 
1 6.16  -0.10  -3,080 - 50 3,080  50  3,080 

7 0 7.86  0.03  -3,930 17 - 3  , 930 17 3 , 930 

1 3.47 0 . 9 6  -1,733 4 7 9  1 , 925 - 81 1,798 
2 -3.35 0.08 1,672 39 653 - 686 1 , 673 
3 -1.57 -2.69 787 -1,347 -560 9 58 1 , 560 
4 -0.09 0.04 47 22 47 22 51  

*) For  case  numbers,  see  note to Table V-2 
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TABLE V-1 (continued) 

The electromagnetic alternator forces are given by the following equations: 

= C j 1- Ancos (2nut)+Bnsin(2nut)-x [ Qxncos(2nut)-qxnsin(2nut)] 
Fx n=o ', 

+y [qyncos(2nmt)+QYnsin(2mt) 

. N  
F = c { -Bncos(2nwt)+A sin(Zmt)-x [q cos(2nwt)+Q  sin(2nwt) ] y n=o n xn  xn 

-y [Qyncos  (2nut)-q  sin(2nut)I } 
Yn 

where x and y are  the amplitudes of the rotor in  inches, w is the  angular 

speed  at  the rotor in radianslsec and t is time  in  seconds. 
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TABLE  V-2 
DYNAMIC RESPONSE OF TURBOALTERNATOR ROTOR-BEARING SYSTEM 

TO ELECTROMAGNETIC ALTERNATOR  FORCES 

j Min. Film  Thicknesd  Amplitude of Rotor i n   P i t c h  Amplitude  of  Journal  Bearing  Shoes 
' f o r   S t a t i c  Load 

Thrust  Bearing End Turbine End (Microinch) 1 (Microinch) 
(Microinch/Inch) Journal  Bearings 

. Condition  Case 1 Top Shoe i Bottom  Shoe . Top Shoe Thrust  Brg.End i Turbine End 
8 I 

Rotor   eccent r ic  1 '  775 ~ 5.1  ~ 6.2 I 4.2 I 8.8 I 5.4 i 11.1 
I by 0.002  inch i n  770 3.3 
~ both  pole   planes;  / 3.0 
I no mechanical ' 0.3  
l unbalance 5 ,  1 2.5 

6 :  805  2.3 
I 7 !  802 I 1.8  

Rotor   eccent r ic  1 775 7.6 
by 0.002  inch  .in 2 i 770 \ 5.8 
both  pole   planes;  3 1  782 ' 5.3 
0.005  oz.in. 4 !  755 ! 3.2 
mechanical  unbalance 5 ' 595 ; 11.6 
i n   t u r b i n e  6 i  805 i 4.2 

7  80  2 i 3.6 

1 Rotor   eccent r ic  bv 1 1 775 ' 11.0 
I 

I 

I 

0.002  inch i n  pol; 7.0 
p l a n e   c l o s e s t   t o  3 1  ! 6.3 
turbine,   no  mechanical  4 1 755 0.6 
unbalance ' 805 6 ; 4.9 

7 802 4.0 

0.005  oz.in mech- 1 . 5  
an ica l   unba lance   i n  
turbine;  no  magnetic 
f o r c e s  

Rotor   eccent r ic  by 2 '770 17.2 
+0.002 i n c h   i n   o n e  
pole   plane,  -0.002 inch 
i n   o t h e r   p l a n e ;  no 
mechanical  unbalance 

Same as   p receed ing  2  770  19.7 
case  but  with  0.005 02.-in I 
mechanical  unbalance i n   t u r b i n e  

i ;ii I 

i 

595 1 6.0 

3.9 
3.6 
0 .3  
2.3 

2.3 

1 0.3 1 2.4 
5.7 

2.8 ' 3.0 
1 . 8  

5.1 1 
38.3 
36.3 
35.8 
34.2 
42.7 
35.1 
34.2 

23.4 
14.9 
13.5 
1.1 
7.5 

10.5 
6.7 

30.9 

25.9 

56.5 

2.5 

7.4 
5.5 
5.3 
3.9 

16.3 
5 .3  
4.8 

9.c 

t 
! 

5.1 
0.3 
3.5 
3.5 
3 .1  

12.0 
8.9 
8 .1  
4.4 

15.0 
6.1 
5.6 

18.7 i- 
4.9 

0.7 
10.9  5 .1  
12.1 

1 5.2  6.1 
6.3  7.3 

14.3  8.6 
0.8 

2.2 

lS8 i 
12.2 1 29.8 

3.0 
3.1 
0.4 
4.0 
3.7 
2.9 

44.7 
43.7 
43.3 
43.7 
53.6 
42.9 
46.6 

20.5 
11.3 
11.6 
1.6 
9.4 

14.2 
10.9 

39.3 

29.1 

53.7 

7.1 
6.4 
0.5 
2.7 
4.4 
2.8 

53.4 
51.1 
50.1 
52.0 
64.2 
48.0 
52.2 

42.1 
27.1 
24.4 
1.8 

13.7 
16.7 
8.9 

46.8 

47.1 

97.7 



TABLE V-2 (Continued) 

Note: The results are for  the  rotor  operating  in  a  vertical  position  at  12,OC 
rpm.  Response  amplitude  values in the  above  table  are  single  amplitude 
values  measured  from  the  static  eccentricity  position of the  rotor 
resulting  from  the  d-c  component, Ao, of  the  electromagnetic  forces. 

Code : 

Case 1: 

Case  2: 

Case  3: 

Case 4 :  

Case  5: 

Case 6 :  

Case 7: 

15 KVA, 0.8 power  factor  lagging,  balanced  load,  unsaturated 

15 KVA, 0.8 power  factor  lagging,  balanced  load,  saturated 

11.25 KVA, 0.8 power  factor  lagging,  balanced  load 

3-phase  balanced,  short  circuit  condition 

Single-phase fault, rated  power 

No-load  condition,  operating  at 120V L-N balanced 3 4 ,  no 
armature  current 

3.33 KVA, 1.0 power factor,  with  the  load  connected  from one 
phase  to  neutral. 

130 



I- 

Fig. V-1 Calculated  Film-Thickness  Parameter  versus  Dimensionless 
Pad  Load 
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-0 6. I 0.2 0.3 0.4 0.5 0.6 0.7' 

BEARING  ECCENTRICITY RATIO EB 

Fig. V-2 Calculated  Bearing  Load  and Film Thickness  Data 
versus  Bearing  Eccentricity  Ratio 
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" 
0.05 0.1 I .o 

FREQUENCY RATIO: w Y 
IO I 00 

Fig. V-3 Calculated Dimensionless Pad Radial Stiffness 
versus Frequency Ratio 
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v. I 0.0 0.1 I .o 10 
FREQUENCY RATIO :& 

Fig. V-4 Calculated  Dimensionless Pad Tangential Stiffness 
versus Frequency Ratio 

100 
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0. I I .o IO 
FREQUENCY RATIO: 

IO0 

Fig. V-6 Calculated Dimensionless Pad  Cross-Coupling 
Stiffness versus Frequency Ratio 



FREQUENCY RATIO: 5 
Fig.  V-7 Calculated  Dimensionless Pad Radial 

Damping versus Frequency Ratio 
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FREQUENCY RATIO:* 

Fig.  V-8 Calculated Dimensionless Pad Tangential 
Damping versus Frequency Ratio 
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FREQUENCY RATIO: + 
Fig. V-9 Calculated Dimensionless  Pad Cross-Coupling 

Damping versus Frequency Ratio 
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Fig.  V-10 Calculated  Dimensionless Pad  Cross-Coupling 
Damping  versus Frequency Ratio 
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ROTOR SPEED, RPM 

Fig. V-11 Calculated  Stability  Map f o r  t h e  Turboalternator 
Rotor-Bearing  System 
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VI.  DESIGN OF ROTOR  BEARING  SIMULATOR  INCLUDING  ALTERNATOR 

The turboalternator  bearing  system  design,  described in Section 11, was  successfully 

tested  under  operating  conditions which did not  involve electromagnetically-induced 

forces on the  rotor  resulting  from  operaticn of the alternator  under  various 

conditions of  electrical  power  generation. In continuance  of  the  policy  to 
isolate,  evaluate  and  remedy  possible  problem  areas  by  means of appropriate  test 

programs,  it was then  recommended  that  the  turboalternator  bearing  system  should 

be retested  under  conditions  which  included  the  electromagnetic  forces  attendant 

upon  the  generation  of  electrical  power.  This  would  permit  further  development 

and  acceptance  testing  of  the  rotor-bearing  system  in a  simulator  under  conditions 

more closely  representative  of  those  which  would be encountered in  turboalternator 

operation  (excluding  thermal  simulation)  independent of, and  yet  parallel  to 

development  of  the  turboalternator  aerodynamic  components.  Additionally,such  a 

program  would  permit  experimental.  verification  of  the  analysis  of  the  rotor 

response  to  electromagnetic  forces  as  described in  Section V of this  report. 

The  recommendation  to  conduct  this  test  program was approved  by NASA and  the 

necessary  design  modifications  to  the  existing simulator, described in Section 111 

of  this  report,  commenced in April 1966. The design  was carried  out  such  that 

the  simulator  could  readily be used  to 

1. operate  over  the f u l l  range  of  electrical  power  generation  and 

electrical  fault  conditions, 

2. evaluate  design-point  bearing  system  performance  under  both  balanced  and 

unbalanced  rotor  conditions  with  the  rotor  both  horizontally  and 

vertically  orientated  while  operating  over  the  range  of  electrical 

power  generation  and  electrical  fault  conditions, 

3. evaluate  bearing  performance as in (2) above  under  off  design-point 

conditions  such  as  reduced  ambient  pressure,  maximum  overspeed,  and 

increased journal bearing  clearance, 
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4 .  e v a l u a t e   t h e   r o t o r   r e s p o n s e   t o   t h e   c o n d i t i o n s   o f   o p e r a t i o n   i n   ( l ) ,  

(2)  and (3)  above , 

5. u t i l i z e   t h e   r o t o r   s h a f t  and s t a t o r   d e s i g n e d   f o r  the t u r b o a l t e r n a t o r  , and 

6. i d e n t i f y  unknown problem areas. 

To conduc t   t he   ex t ens ive  test program  p lanned   for   the   s imula tor  a t  ambient 

p r e s s u r e s   b e l o w   a t m o s p h e r i c   p r e s s u r e ,   n e c e s s i t a t e d   t h e   u s e   o f  a i r  f o r   t h e   b e a r i n g  

environment   ra ther   than  argon.   The  performance  of   the  bear ings,   the   rotor  

c r i t i c a l  s p e e d s , a n d   t h e   t e m p e r a t u r e   d i s t r i b u t i o n s   a n d   g r a d i e n t s   r e l a t i n g   t o  

o p e r a t i o n   i n   t h e  a i r  environment were c a l c u l a t e d .  The b e a r i n g   c a l c u l a t i o n s  

were based   on   t he   va lues   o f   bea r ing   c l ea rance  a t  design  speed  which were 

p r e d i c t e d   f o r   d e s i g n   t u r b o a l t e r n a t o r   o p e r a t i o n   i n   a r g o n .  The r e s u l t s   o f   t h e s e  

c a l c u l a t i o n s  were r e p o r t e d   i n   R e f e r e n c e  [ 2 4 ]  and are, t h e r e f o r e ,   n o t   r e p e a t e d  

i n   t h i s   r e p o r t .  

A cross-sect ion  view of t he   r edes igned   ro to r -bea r ing   s imula to r   i nc lud ing   t he  

a l t e r n a t o r  is  shown i n   F i g u r e  V I - 1 .  S i g n i f i c a n t   f e a t u r e s   o f   t h e   s i m u l a t o r  are  

d e s c r i b e d   i n   t h e   f o l l o w i n g   s u b s e c t i o n s .  

Simulator   Rotor  

A p h o t o g r a p h   o f   t h e   t u r b o a l t e r n a t o r   r o t o r  as d e l i v e r e d  by t h e   a l t e r n a t o r  manufac- 

t u r e r   a n d   b e f o r e   f i n a l   m a c h i n i n g  i s  shown i n   F i g u r e  VI-2. A t  t h i s   s t a g e   t h e  

r o t o r   c o n s i s t e d   o f   t h e   f i n a l l y   h e a t   t r e a t e d   f o r g i n g   t o   w h i c h   l a m i n a t e d   p o l e  

faces   have  been  e lectron-beam  welded,   and  copper   a l loy  amort isseur   bars   and 

s t a i n l e s s   s t e e l  end r ings   we lded   i n to   p l ace .   The   ro to r  had been  rough 
ba lanced ,   and   sp in   t es ted .  

The  photograph i n   F i g .  V I - 3  shows t h e  same r o t o r   a f t e r   f i n i s h   m a c h i n i n g .  The 

f i n i s h   m a c h i n i n g   c o n s i s t e d   o f   t h e   a p p l i c a t i o n   o f   t h e   e i e c t r o d e p o s i t e d   c o p p e r  

hea t   shun t   i n   t he   bo re   o f   each   j ou rna l ,   t he   mach in ing   o f   t he   i nvo lu te   sp l ine ,  

t h e   a p p l i c a t i o n   o f  chrome o x i d e   t o   t h e   j o u r n a l   s u r f a c e s   a n d   t h e   f i n a l   m a c h i n i n g  

o f   t he  c r i t i c a l  d i a m e t e r s ,   f a c e s  and l e n g t h s .  The r o t o r   f o r   u s e   i n   t h e  
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simulator  was  manufactured  from  the  turboalternator  rotor  detail  drawings  and 

has, therefore,  the same characteristics  as will be exhibited  by the  rotor 

used in the  turboalternator. 

The photographs shown in Figures VI-4 and VI-5  show  the  component  parts  of  the 

simulator  rotor  assembly  and  the  assembled  rotor  respectively.  The  assembly 

possessed  the same  principle  dimensions,  total  mass,  mass  distribution and 

stiffness  characteristics  as  exhibited  by  the  turboalternator  rotor  assembly. 

Actual  measured  weight  of  the  complete  rotor  assembly was 54.8 pounds. 
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Fig .  V I - 1  Turboalternator Rotor-Bearing- 
Alternator  Simulator 



F i g .  VI-2 V i e w  of S i m u l a t o r  Rotor  P r i o r  
t o  F i n a l   M a c h i n i n g  

.. . 
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Simula to r   Bea r ings  

T h e   r e d e s i g n   o f   t h e   s i m u l a t o r   t h a t  was n e c e s s a r y   t o   i n c o r p o r a t e   t h e   a l t e r n a t o r ,  

u t i l i z e d   p r e c i s e l y   t h e  same bear ing   sys tem as  d e s i g n e d   f o r   t h e   t u r b o a l t e r n a t o r  

and  used i n   t h e   o r i g i n a l   s i m u l a t o r .   P h o t o g r a p h s   o f   t h e   j o u r n a l   b e a r i n g   ' p a r t s  

a re  shown in   .F igu res   11 -7   and  11-8, a n d   t h e   t h r u s t   b e a r i n g   p a r t s  a r e  shown i n  

Figures   11-12,  11-13 and 11-14. 

For   bo th   t he   j ou rna l   bea r ings ,   t he   bea r ing   componen t s   i nc luded   t he   p ivo ted   pads ,  

p i v o t s ,   p i v o t   s u p p o r t   f l e x u r e s ,   p i v o t  "0" r i n g  sea ls ,  and  the  bear ing  system 

ins t rumen ta t ion   t r ansduce r s   ( capac i t ance   p robes   and   t he rmocoup les ) .   These  

components   formed  two  complete   journal   bear ing  assemblies   which  had  the same 

i n t e r f a c e s   f o r   b o t h   t h e   s i m u l a t o r   a n d   t h e   t u r b o a l t e r n a t o r .   I n   t h e   t h r u s t  

bea r ing   r eg ion ,   t he   bea r ing   componen t s   i nc luded   t he   t h rus t   runne r ,   t he   r eve r se  

t h r u s t   b e a r i n g   h o u s i n g ,   t h e   m a i n   t h r u s t   : b e a r i n g ,  the t h r u s t   b e a r i n g   s u p p o r t  

and   the   .bear ing   sys tem  ins t rumenta t ion   t ransducers   (capac i tance   p robes   and  

the rmocoup les ) .   Aga in ,   t he   i n t e r f ace   fo r   t he   t h rus t   bea r ing   componen t s  was 

i d e n t i c a l   i n   b o t h   t h e   s i m u l a t o r   a n d   t h e   t u r b o a l t e r n a t o r .  

C o n t r o l   o f   t h e   S i m u l a t o r   J o u r n a l   B e a r i n g   C l e a r a n c e  

One of  t h e   p r i m a r y   o b j e c t i v e s   o f   t h e   r o t o r - b e a r i n g - a l t e r n a t o r  t e s t  program was 

to   eva lua te   the   ro tor   response   and   bear ing   sys tem  per formance   under   condi t ions  

o f   o p e r a t i o n   d e s i g n e d   t o   r e d u c e   t h e   j o u r n a l   b e a r i n g   f r i c t i o n  loss .  C a l c u l a t i o n s  

o f   b e a r i n g   p e r f o r m a n c e   u n d e r   t h e   c o n d i t i o n s   p e r t a i n i n g   t o   s i m u l a t o r   o p e r a t i o n  

showed t h a t  a 15% r e d u c t i o n   i n   f r i c t i o n   l o s s   c o u l d   b e   o b t a i n e d  by a n   i n c r e a s e  

i n   d i a m e t r a l   b e a r i n g   c l e a r a n c e   f r o m   1 . 7 5  mils t o  2 . 2 8  m i l s .  The  corresponding 

p r e l o a d   v a l u e s   f o r   t h e s e   c l e a r a n c e s  a re  0 . 6 1 2   a n d   0 . 4 9 1   r e s p e c t i v e l y   f o r  a C / R  

r a t i o   o f  1 .28  x 10 . To f a c i l i t a t e   t h e   f r e q u e n t   c h a n g i n g   o f   c l e a r a n c e  

r e q u i r e d  by t h e  t e s t  p lan ,   wi thout   s t .opping   the  t e s t  and  making  the  pivot 

a d j u s t m e n t s   r e q u i r e d   t o   a c h i e v e   t h e   r e q u i r e d   c l e a r a n c e   v a l u e ,  a 600 watt  

r e s i s t a n c e   h e a t e r  was added   to   each   bear ing   suppor t .   The   tempera ture   o f   the  

suppor t   could ,   therefore ,   be   changed  by v a r y i n g   t h e  power s u p p l i e d   t o   t h e   h e a t e r s ,  

r e s u l t i n g   i n  a c learance   change   due   to   d i f fe ren t ia l   thermal   expans ion   be tween 

-3 P 
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t h e   s u p p o r t ,   b e a r i n g   a n d   j o u r n a l .  The i n i t i a l   s e t - u p   o f   b e a r i n g   c l e a r a n c e  

performed  on  assembly w a s  f o r   o p e r a t i o n  a t  t h e  minimum c l e a r a n c e   t o   b e   t e s t e d .  

T h i s   c o n d i t i o n   d i d   n o t ,   t h e r e f o r e ,   r e q u i r e  a supply   o f  power t o   t h e   s u p p o r t  

h e a t e r s .  

It should   be   no ted   tha t   th i s   method  of   changing   d iamet ra l   bear ing   c learance   a l so  

r e s u l t s   i n  a c h a n g e   o f   r o t o r   e c c e n t r i c i t y .  The ex ten t   o f   th i s   change ,   however ,  

was c o n s i d e r e d   t o   b e   w i t h i n   a c c e p t a b l e  limits. 

Cont ro l  of Bearing  Loads 

V a r i a t i o n   i n   j o u r n a l   b e a r i n g   l o a d s ,   f r o m   z e r o   t o   f u l l   r o t o r   w e i g h t   r e a c t i o n ,  w a s  

made p o s s i b l e  by ro ta t ion   o f   the   comple te   s imula tor   on  i t s  mounting  trunnions 

from a v e r t i c a l   t o  a h o r i z o n t a l   r o t o r   o r i e n t a t i o n .   F i g u r e  VI-6 and VI-7 a r e  

pho tographs   o f   t he   comple t e   s imu la to r   a s sembly   i n  a h o r i z o n t a l   a n d   v e r t i c a l  

o r i e n t a t i o n   r e s p e c t i v e l y .  

Fo r   con t ro l   o f   t h rus t   l oad ,  a t  a n y   o r i e n t a t i o n   o f   t h e   r o t o r ,   t h e   s i m u l a t o r   c a s i n g s  

f o r  and a f t  o f   the   tu rb ine   wheel  were ex tended   r ad ia l ly   i nward ,   and   l aby r in th  

seals provided   be tween  these   ex tens ions   and   the   ro tor   ( see   F igure   VI-1) .   This  

p e r m i t t e d   t h e   t u r b i n e   w h e e l   t o   b e   u s e d  as a doub le -ac t ing   p i s ton .   Var i ab le  

magni tude   and   d i rec t ion   of   th rus t   load  was ob ta ined   by   con t ro l   o f   t he   p re s su re   i n  

t h e   c a v i t i e s  on e a c h   s i d e   o f   t h e   t u r b i n e   w h e e l .   T h e s e   c a v i t i e s  were connected by 

s u i t a b l e   p r e s s u r e   c o n t r o l   v a l v e s   t o  a gas   supply   mani fo ld   (as  shown in   F igure   VII -4)  

Leakage   ac ross   t he   l aby r in ths   pas sed   i n to   t he   ma in   s imula to r   ca s ing   f rom  where  

i t  was ven ted   t o   a tmosphe re   (v i a  a vacuum pump when t h e   s i m u l a t o r  w a s  being 

ope ra t ed  a t  sub-atmospheric   ambient   pressures) .  

149 



F i g .  VI-6 V i e w  of  Complete  Simulator  Installed 
In a Horizontal  Position on the  Test Stand 



Fig. VI-7  View of Complete Simulator Installed in 
Vertical  Position  on  the  Test  Stand 
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Simulator  Casings  and  Alternator  Stator 

The primary function of the  simulator  casings were to provide an enclosure  and 

support  structure  for  the  bearing  system,  alternator  and  turbine drive. More 

detailed  discussion on the  design  of  these  casings  is  contained  in  Section I11 

of  this  report in  the  subsection  entitled  "Simulator  Casings". 

Redesign  of  the  original  simulator  casings was necessary  to  incorporate  the 

alternator  and  the  increased  power  turbine  required  to drive  the  alternator 

under  full  load  conditions.  Comparison  of Figures 111-1 and  VI-1  indicates 

the  extent of these  changes. In addition to the  structural  changes  it  was 

necessary  to  introduce  a  section  of  nonmagnetic material at  each  end of the 

alternator to prevent  magnetic  short  circuiting  of  the  alternator f h x  path 

via  the  bearing support, pivot  and  bearing  pads  to the  rotor  journals.  Such a 

short  cirait w m l d  reduce  the  flux  density  between  the  alternator  stator and 

the  rotor  pole  faces  with an attendent  and  unacceptable  reduction in  the 

alternator  performance. The casings  immediately  adjacent  to  each  end of the 

alternator were, therefore,  manufactured  from  aluminum.  Photographs of the 

alternator  stator are  shown  in  Figure VI-8. 
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F i g .  V1-8a F ron t  View of A l t e r n a t o r  S t a t o r  F i g .  VI-8b Rear  V i e w  of A l t e r n a t o r   S t a t o r  



Simula tor   Turb ine  

To e n a b l e   t h e   a l t e r n a t o r   t o   g e n e r a t e   f u l l  e lec t r ica l  power i t  was n e c e s s a r y   t o  

r e d e s i g n   t h e   o r i g i n a l   s i m u l a t o r   t u r b i n e   w h i c h ,  as d e s c r i b e d   i n   S e c t i o n  I11 of 

t h i s   r e p o r t ,  w a s  t o   p roduce   approx ima te ly  1.5 HP t o  ove rcome   bea r ing   f r i c t ion  

and  windage  loss  a t  des ign   speed .  The r edes igned   t u rb ine  was r equ i r ed   t o   deve lop  

a t o t a l  power  of  19.3 HP a t  d e s i g n   c o n d i t i o n s .  

I n   r e d e s i g n i n g   t h e   t u r b i n e   t o   g i v e   t h e   i n c r e a s e d  power o u t p u t ,   t h e  same requ i re -  

ments as l i s t e d   f o r   t h e   o r i g i n a l   s i m u l a t o r   t u r b i n e   d e s i g n  were t aken   i n to   cons id -  

e r a t i o n   w i t h ,   o f   c o u r s e ,   t h e   e x c e p t i o n   o f   t h e  power l eve l   wh ich  was inc reased  

t o   1 9 . 3  HP. Again ,   an   impulse   tu rb ine  w a s  s e l e c t e d   t o  meet these   r equ i r emen t s .  

The two p r i m a r y   f a c t o r s   i n  t h e  d e s i g n   o f   t h e   t u r b i n e  were t h e   r e q u i r e m e n t s   t o  

c o r r e c t l y   s i m u l a t e   t h e  mass and i n e r t i a   o f   t h e   t u r b o a l t e r n a t o r   t u r b i n e   w h e e l ,  

w h i l e   m a i n t a i n i n g   t h e   n e a r  optimum t u r b i n e   p a r a m e t e r s n e c e s s a r y   t o   o b t a i n   t h e  

r e q u i r e d  power ou tpu t   f rom  the   ava i l ab le   a i r   supp ly   sys t em.  The a i r   s u p p l y  

sys t em  cons i s t ed   o f   an   ex i s t ing   r ec ip roca t ing   compresso r   capab le   o f   de l ive r ing  

0.457 l b / s e c   o f   o i l - f r e e  a i1   a t  100 PSIG and 7 0  F. The use  of  aluminum  for 

t he   t u rb ine   whee l ,   wh ich  w a s  p o s s i b l e   d u e   t o   t h e   l o w  stress l e v e l s   i n v o l v e d   w i t h  

t h e  low t ip   speed   and   a l so ,   l ow  tu rb ine   t empera tu re ,   r e su l t ed   i n   t he   a t t a inmen t  

o f   t he  mass and i n e r t i a   p a r a m e t e r s .  

The p red ic t ed   t u rb ine   pe r fo rmance  was based on the   methods   in   Reference  [ 2 5 ]  

w h i c h   c o r r e l a t e s   p a r t i a l   a d m i s s i o n   t u r b i n e   p e r f o r m a n c e   i n  terms of s p e c i f i c  

s p e e d   a n d   s p e c i f i c   d i a m e t e r   w h i c h ,   f o r   t h i s   t u r b i n e ,  are 7 . 1 4  and 5.42 respec-  

t i v e l y   w i t h   a n   e f f i c i e n c y   o f  60%. The des ign  is  v e r y   c l o s e   t o  optimum a s  

r ega rds   bucke t   he igh t   and   deg ree   o f   admiss ion .   To ta l   pena l t i e s  on e f f i c i e n c y  due 

t o   t h e   e f f e c t  of t r a i l i n g   e d g e   t h i c k n e s s ,   b u c k e t   c u t t e r   d i a m e t e r ,   b u c k e t  

r e l a t i v e  Mach number and,finally,leakage,were e s t i m a t e d   t o  amount t o  6%. 

The e s t i m a t e d   t u r b i n e   t o t a l - t o - s t a t i c   e f f i c i e n c y  w a s  t h e r e f o r e  54%. The ou tpu t  

power  from t h i s   t u r b i n e   a t   d e s i g n   p o i n t   c o n d i t i o n s  i s  20 HP,which l eaves  small 

margin   above   the   19 .3   requi red .  The c a l c u l a t e d   t o t a l   t e m p e r a t u r e   d r o p   a c r o s s  

t h e   t u r b i n e  a t  d e s i g n   c o n d i t i o n  was 172  F. To avoid  the  thermal   problems  such 

a s   u n a c c e p t a b l e   t e m p e r a t u r e   g r a d i e n t s   i n   t h e  No. 1 bearing  area  and  condensat ion 

a n d   f r e e z i n g ,   a s s o c i a t e d   w i t h   t h i s   t e m p e r a t u r e   d r o p ,   t h e   t u r b i n e   i n l e t   t e m p e r a t u r e  
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was increased  f rom  70  to   212 F by means of   an a i r  p r e h e a t e r .  The tu rb ine   whee l  

would t h e r e f o r e   o p e r a t e  a t  temperatures  between 40 F and 70  F wi th  a t u r b i n e  

exhaus t   t empera ture   above   f reez ing   po in t .  

The p h o t o g r a p h s   i n   F i g u r e s  VI-9 shows t he   t u rb ine   whee l   and   one   o f   t he  two nozz le s .  

F igure  VI-10 shows t h e   t u r b i n e   w h e e l   i n s e r t e d   i n t o   t h e   t u r b i n e   c a s i n g .  

The pr imary   per formance   parameters   o f   the   tu rb ine  a t  des ign   po in t   cond i t ions  are 

as fo l lows  . 
Aerodynamic  Design  Point 

I n l e t   T o t a l   P r e s s u r e   ( p s i a )  

E x i t   S t a t i c   P r e s s u r e   ( p s i a )  

In l e t   To ta l   Tempera tu re  (OR) 

Total   Temperature  Drop (OF) 

Mass Flow ( l b / s e c )  

Speed (RPM) 

Nozzles 

Number 

Throat  Area ( i n . 2 >  ,. 
E x i t  Area ( i n . L )  

Nozzle   Height   ( in . )  

Gas Angle 

Gas E x i t   V e l o c i t y   ( f t / s e c )  

Mach  No. 

E f f i c i e n c y  ( X )  
Pi tch   Diameter   ( in . )  

Blade 

Number 

C u t t e r  Diameter ( i n . )  

I n l e t  = Outlet   Angle   (degrees)  

T r a i l i n g  Edge = L.E. Thickness   ( in . )  

Blade   Height   ( in . )  

I n l e t  R e l .  Mach  No. 

I n l e t  R e l .  V e l o c i t y   ( f t / s e c )  

B lade  Speed   ( f   t / sec)  

Blade  Tip Diameter ( i n . )  

105 

1 5  

672 

1 7 2  

0.38 

12,000 

2 

0.090 

0.563 

0.45 

16' 

1780 

1 .8  

92 

9.05 

72  

0.125 

21.65 

0.010 - 0.015 

0.5 

1.35 

1330 

474 

9.483 



Fig. VI-9 View of Simulator  Turbine  Wheel  and 
One of Two Nozzles 



Fig. VI-10 View of Simulator Turbine  Wheel and Casing 



Simulator-Alternator   Temperature   Control  

The r e q u i r e m e n t   t o   i n c o r p o r a t e   t h e   a l t e r n a t o r   i n t o   t h e   s i m u l a t o r   d e s i g n   a n d   t o  

o p e r a t e   u n d e r   c o n d i t i o n s   i n v o l v i n g   t h e   g e n e r a t i o n   o f   f u l l  electrical  power, r e s u l t s  

i n  changes i n   t h e   b e a r i n g   r e g i o n   t e m p e r a t u r e   l e v e l s  and g rad ien t s   p rev ious ly  

c a l c u l a t e d   f o r   b o t h   t h e   t u r b o a l t e r n a t o r  and t h e   o r i g i n a l   s i m u l a t o r .  The 

d i f f e rences   wh ich   ex i s t   be tween   t he   des ign   and   ope ra t ion   o f   t he   s imu la to r ,  

i n c l u d i n g   t h e   a l t e r n a t o r ,   a n d   t h e   t u r b o a l t e r n a t o r  are as fo l lows:  

1. The s i m u l a t o r  is  d r i v e n  by a low t empera tu re   impu l se   t u rb ine .  

2. The s i m u l a t o r   j o u r n a l   b e a r i n g   s u p p o r t s  are n o t   e x t e n d e d ,   i n   t h e   f o r e  

and a f t   d i r e c t i o n s ,   t o  form  heat   exchangers .  

3 .  The coo lan t  i n l e t  t e m p e r a t u r e   t o   t h e   t h r u s t   b e a r i n g   a n d   t h e   a l t e r n a t o r  

s t a t o r  is  l imi t ed   (by  test equ ipmen t   l imi t a t ions )   t o   app rox ima te ly  

80 F a t  the   des ign   f l ow rates of 200 l b l h r .  and 600 l b / h r .   f o r   t h e  

t h r u s t   b e a r i n g   a n d   a l t e r n a t o r   r e s p e c t i v e l y .  

To e n s u r e   t h a t   t h e   t e m p e r a t u r e   d i s t r i b u t i o n   i n   t h e   r e g i o n   o f   t h e   j o u r n a l   b e a r i n g s  

w s  s a t i s f a c t o r y   f o r   p r o p e r   o p e r a t i o n   o f   t h e   b e a r i n g s , a   t h e r m a l   a n a l y s i s   o f   t h e  

s imula to r  was performed. The b o u n d a r y   c o n d i t i o n s   f o r   t h i s   a n a l y s i s  were e s t ab -  

l i s h e d  as fo l lows:  

1. 

2. 

3. 

D e t a i l e d   v a l u e s   o f   t h e   a l t e r n a t o r   l o s s e s  were t a k e n   f r o m   t h e   a l t e r n a t o r  

des ign   da t a .  An e s t i m a t e  was made, b a s e d   o n   t h i s   d a t a ,   t h a t   t h e  

frame  temperature  would  be 20 F above   coo lan t   i n l e t   t empera tu re .  

Therefore ,  a boundary  temperature  of 100 F w a s  e s t a b l i s h e d   f o r   t h e  

a l t e r n a t o r  stator. 

The s i n k   t e m p e r a t u r e   i n   t h e   r e g i o n   o f   t h e   t u r b i n e   w h e e l  was t a k e n   t o  

be 40 F. T h i s   c o r r e s p o n d s   t o   t u r b i n e   e x i t   t e m p e r a t u r e   a t   t h e  1 2  KWe, 

12,000 R P M  o p e r a t i n g   c o n d i t i o n .   ( T h e   t u r b i n e   i n l e t   t e m p e r a t u r e  a t  t h i s  

p o i n t  would &e 212  F.) 

The t empera tu re   o f   t he   t h rus t   runne r  was e s t i m a t e d   t o   b e  100 F, i.e., 

20 F above   coo lan t   i n l e t   t empera tu re .  
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4 .  T h e   f r i c t i o n  loss f o r   e a c h   j o u r n a l   b e a r i n g  was t a k e n  t o  b e  342 BTU/hr.  

w h i c h  was t h e  maximum loss e x p e c t e d   o v e r   t h e   r a n g e   o f   c o n d i t i o n s   u n d e r  

w h i c h   t h e   s i m u l a t o r   w a s  t o  b e   t e s t e d   ( i . e . ,  a t  12,000 RPM, 10 .5  PSIA 

a n d   m i n i m u m   b e a r i n g   c l e a r a n c e ) .  

In  t h e  No. 1 b e a r i n g   r e g i o n   t h e r m a l   d i s t o r t i o n   o f   t h e   j o u r n a l   w a s   s e e n   t o   b e   b a s i c -  

a l l y  con ica l ,  wi t 'h  a r a d i a l   h e i g h t  of 0 . 4  mils a t  the a l t e r n a t o r  e n d  of t h e   b e a r i n g .  

S u p e r i m p o s e d   o n   t h i s  cone i s  a c r o w n   w i t h  a r a d i a l   h e i g h t  of  0 . 0 8  mils.  T h e   . j o u r n a l  

i n  No. 2 b e a r i n g   r e g i o n   a l s o   h a s  a c o n i c a l   d i s t o r t i o n  of  0 . 3  mils a t  t h e   a l t e r n a t o r  

e n d  of  t h e   b e a r i n g .   T h e   c r o w n i n g   h e r e  w i l l  b e  0 . 0 8 5  mils.  

T h e   p i v o t s  w i l l  a l l o w   t h e   b e a r i n g   p a d s  t o  b e c o m e   a l i g n e d   w i t h   t h e   c o n i c a l   p o r t i o n  

of  t h e   j o u r n a l s ;   t h e   c r o w n i n g ,   h o w e v e r ,   m u s t   b e   a c c o m m o d a t e d   b y   t h e   g a s   f i l m .   T h e  

e x t e n t   o f   t h i s   c r o w n i n g  i s  s l i g h t l y   g r e a t e r   t h a n   t h e  0 . 0 7 5  mils c r o w n i n g   r e p o r t e d  

i n   S e c t i o n  11 o f   t h i s   r e p o r t   b u t  i t  i s  n o t   e x p e c t e d  t o  i m p a i r  b e a r i n g   p e r f o r m a n c e .  

S i m u l a t o r   E l e c t r i c a l .   L o a d   C o n t r o l  

To e v a l u a t e   t h e   r e s p o n s e  of  t h e   r o t o r   b e a r i n g   s y s t e m  t o  t h e   e l e c t r o m a g n e t i c   f o r c e s  

r e s u l t i n g   f r o m   o p e r a t i o n  of  t h e   a l t e r n a t o r  a t  v a r i o u s   l e v e l s   o f   p o w e r   g e n e r a t i o n  

a n d   d u r i n g  a n u m b e r   o f   d i f f e r e n t   e l e c t r i c a l   f a u l t   c o n d i t i o n s ,  i t  was n c ' c e s s a r y  

t o   s u p p l y   t h e   a l t e r n a t o r   w i t h   t h e   r e q u i r e d   e x c i t a t i o n ,   a b s o r b   t h e   p o w e r   g e n e r a t e d  

a n d   p r o v i . d e   m e a n s   t o   i n i t i a t e   t h e   r e q u i r e d   s h o r t - c i r c u i t   a n d   u n b a l a n c e   l o a d  

c o n d i t i o n s .   T h e   e x c i t a t i o n   r e q u i r e m e n t s   w e r e   m e t   b y   t h e   b r e a d b o a r d   V o l t a , ; e -  

R e g u l a t o r - E x c i t o r  (VRE) w h i c h   w a s   b u i l t   a n d  usc,d  by t h e   a l t c r n a t o r   m a n u f a c t u r e r  

d u r i n g   t h e   d e v e l o p m e n t   a n d  ttbst p r o g r a m s   a s s o c i a t e d   w i t h   t h e   a l t e r n a t o r   a n d   t h e  

V R E .  To a b s o r b   t h e   e l e c t r i c a l   l o a d   a n d   i n i t i a t e   f a u l t   c o n d i t i o n s ,  a l o a d   b a n k  

was d e s i g n e d   a n d   s u p p l i e d   b y   t h e   a l t c r n a t o r   m a n u f a c t u r e r .  A p h o t o g r a p h   o f   t h i s  

l o a d   b a n k  i s  shown i n   F i g u r e  .VI- l l .  Thcs d e s i g n  o f  t h e   l o a d   b a n k   a l l o w e d   f o r   t h e  

a d j u s t m e n t   o f   l o a d   a n d   p o w e r   f a c t o r  of  e a c h  o f  t h e  3 p h a s e s ,  meters b e i n g   p r o v i d e d  

f o r   t h e   d i s p l a y   o f   p h a s e   v o l t s ,   a m p s   a n d   w a t t s .   P r o v i s i o n s  were a l s o  a v a i l a b l e  

f o r   t h e   g a n g i n g   t o g e t h e r  of  a l l   t h r e e   p h a s e s ,   i n   w h i c h  ca se  t h e   a l t e r n a t o r   c o u l d  

be l o a d e d   u n i f o r m l y   i n  3 KW i n c r e m e n t s .   L o a d i n g   o f  a s i n g l e   p h a s e  was a c h i e v e d  

b y   t h e   u s e  of a s w i t c h .   S h o r t - c i r c u i t   c o n d i t i o n s ,   e i t h e r   s i n g l e   p h a s e   o r   t h r e e  

p h a s e ,  were a c c o m p l i s h e d   w i t h   t h e   s h o r t - c i r c u i t   b u t t o n .   T h e  VRE was c o m p i e t e l y  
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au tomat i c ,   exc i t a t ion   be ing   supp l i ed   a t   speeds   ove r  6,000-7,000 RPM. To a l low 

a c q u i s i t i o n  of d a t a   a t   d e s i g n   s p e e d   w i t h o u t   t h e   e f f e c t s  of e lectromagnet ic   power,  

t h e  VRE c i r c u i t  was provided   wi th  a swi t ch   wh ich   d i sconnec ted   t he   exc i t a t ion  

f r o m   t h e   a l t e r n a t o r .  
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Fig. V I - 1 1  View of the  Load  Bank  Used  to  Dissipate  the 
Power  Generated  During  Test  of  the  Rotor- 
Bearing-Alternator  Simulator 
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Simulator-Alternator  Instrumentation 

As  mentioned  in  preceding  sections of this report,  successful  and  timely 

development  of  a  prototype  gas-bearing  machine  requires  extensive  rotor-bearing 

system  instrumentation  for  quantitative  measurement of performance  and for 

minimum  risk  operation.  Accordingly,  the  rotor-bearing  system  intended  for use 

in the  simulator  was  equipped  with  exactly  the same capacitance  probe  and 

thermocouple  transducers  as  recommended  for  the  prototype  turboalternator 

design  in  Section I1 of this  report. 

In addition  to  the  bearing  system  instrumentation,  numerous  additional  thermo- 
couples  were  installed  to  monitor  the  bearing  support  temperatures,  turbine 

temperatures  and  coolant  inlet  and  outlet  temperatures. In addition,  the 

thermocouples  inserted  into  the  alternator  stator by the  manufacturer  were  used 

to  continuously  monitor  the  temperature  distribution  throughout  the  stator. 

A model 3040 Electro  Products  Laboratories  magnetic  speed  pick-up  was  used 

to  measure  rotor  speed. The pick-up  sensed six notches  cut in the OD of  the 

thrust  runner.  Finally,  the  simulator  was  equipped with  numerous  pressure  taps 

for  measurement  of  turbine,  thrust  loading  and  bearing  ambient  pressures. 

A description  of  the  simulator  instrumentation  readout  equipment,  and  the 

simulator  control  system  is  given  in  the  next  section of this  report. A 

schematic of the  control  system  is  shown in Figure VII-4. 
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Assembly  of  the  bearing  system  and the simulator  described in Section  VI  of 

this  report  commenced on November 8, 1966. Preliminary  testing  with  the  alter- 

nator  excitation in operation was started on December 20, 1966. The planned 

test  program  commenced on January 10, 1967,  and was completed on January 30, 1967. 
During  the  course of testing,approximately 90 hours  of  operation  were  accumulated 
in  obtaining  data  at  the  216  planned  test  points  and  during  the  additional  tests 

which  were  performed. 

The following  subsections  describe  the  simulator  test  facility,in  which  the  rotor- 

bearing  system  response  to  electromagnetic  forces was evaluated,  and  the  specific 

test  results  pertaining  to the  performance  of  the  rotor-bearing  system. 

Description  of  the  Simulator  Test  Facility 

The  simulator  test  facility  consisted  of  the  following  items: 

1. the  rotor-bearing-alternator  system  simulator  (described in  Section VI) , 

2 .  the  voltage-regulator-excitor  (VRE)  and  load  bank, 

3 .  the  simulator  control  panel,  and 

4 .  the  instrumentation  readout  and  magnetic  tape  recording  system. 

Figures  VI-6  and  VI-7 in the  preceding section of this  report are  photographs 

of  the  rotor-bearing-alternator  simulator  mounted on the  test  stand  behind  the 

test  panel. In these  photographs  the  simulator  is  mounted  in  the  horizontal 

and  vertical  positions  respectively.  For  operation  in  the  vertical  position, 

the  turbine  end  is  uppermost. In  both of these  photographs  the  simulator 

is  shown  with  the  pivot  access  holes  uncovered to  permit  bearing  clearance 

adjustment. 
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Figure  V I I - 1  is a p h o t o g r a p h   o f   t h e   l e f t   h a n d   s i d e   o f   t h e   s i m u l a t o r   c o n t r o l   p a n e l  

and the   ins t rument   readout   equipment .  A t  f a r   l e f t  i s  t h e  CEC magne t i c   t ape  

recording  system  which was u s e d   f o r   d a t a   a c q u i s i t i o n   t h r o u g h o u t   t h e  test  program. 

Th i s  i s  fo l lowed  by   the  two  Microdynes  used t o   d i s p l a y   t h e   m o t i o n   o f   e a c h  

j o u r n a l   r e l a t i v e   t o   t h e   c a s i n g s .  The th i rd   Microdyne   and   the  Wayne Kerr and 

CRO mounted  on  top  of  the  Microdynes,  were u s e d   t o   d i s p l a y   t h e   t h r u s t   b e a r i n g  

c l e a r a n c e s .  The Hewle t t -Packard   e lec t ronic   counter   p laced   on   top  of t h e   t h i r d  

Microdyne w a s  u sed   t o   con t inuous ly   mon i to r   ro to r   speed .  The t u r b i n e   i n l e t  a i r  

h e a t e r   a p p e a r s  as t h e   l o n g   c y l i n d r i c a l   s e c t i o n   b e l o w   t h e   c o n t r o l   p a n e l .  The 

t e m p e r a t u r e   c o n t r o l s   f o r   t h e   h e a t e r  weke mounted  on the   ex tens ion   wh ich   p ro t rudes  

above  the  main  panel.  

F igu re  VII-2 i s  a photograph of t h e   r i g h t   s i d e  of t h e   s i m u l a t o r   c o n t r o l   p a n e l  

and  the  instrument   readout   equipment .   The  rheostats   used  to   adjust   the   journal  

b e a r i n g   s u p p o r t   t e m p e r a t u r e s  are seen  mounted  on t h e  extreme l e f t  of t h e   p a n e l .  

The  two temperature  recorders  mounted a t  l e f t   c e n t e r  were used   t o   con t inuous ly  

record   the   sys tem  tempera tures .  Below t h e s e   r e c o r d e r s  can be   s een   t he   push -  

b u t t o n   s t a t i o n   w h i c h  was u s e d   t o   c o n n e c t   o r   d i s c o n n e c t   t h e   a l t e r n a t o r   e x c i t a t i o n  

as requ i r ed .  The  ammeters shown  mounted  above the   load   bank  were u s e d   t o  

m o n i t o r   t h e   a l t e r n a t o r   e x c i t a t i o n   c u r r e n t   d u r i n g   t h e   c o u r s e  of t e s t i n g .  A t  t h e  

r i g h t   o f   t h e   f i g u r e  are shown t h e  Wayne Kerrs and CRO's which were u s e d   t o  

d i s p l a y   t h e   f i l m   t h i c k n e s s   b e t w e e n   e a c h   b e a r i n g  pad  and t h e   j o u r n a l .  

F igu re  VII-3 is  a wide   ang le   pho tograph   t aken   du r ing   t he   cour se  of t h e  test 

program  showing  the   comple te   cont ro l   pane l   and   ins t rumenta t ion   sys tem.  

F i g u r e  VII-4 i s  a schematic  diagram of t h e   s i m u l a t o r   c o n t r o l   s y s t e m .  A l l  

c o n t r o l s ,   e x c e p t   f o r   h e a t e r   t e m p e r a t u r e s  and  a i r -manifold  supply  pressure,  were 

manual ly   operated.  It is  seen   f rom  F igu re   VI I -4   t ha t   i nd iv idua l   con t ro l  

v a l v e s  were s u p p l i e d   f o r  

1. f i n e  and c o a r s e   c o n t r o l   o f   t u r b i n e   n o z z l e   p r e s s u r e  (V-4 and V-5) ,  

2. c o n t r o l  of m a i n   t h r u s t   l o a d i n g   p r e s s u r e  (V-6), 

3. c o n t r o l  of r e v e r s e   t h r u s t   l o a d i n g   p r e s s u r e  (V-71, 
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4 .  

5. 

6. 

7. 

8. 

9.  

c o n t r o l   o f   m a i n   h y d r o s t a t i c   t h r u s t   b e a r i n g   s u p p l y   p r e s s u r e   ( V - l o ) ,  

c o n t r o l   o f  reverse h y d r o s t a t i c   t h r u s t   b e a r i n g   s u p p l y   p r e s s u r e  (V-9), 

c o n t r o l   o f  water c o o l a n t   s u p p l y   p r e s s u r e   t o   t h e   m a i n   t h r u s t   b e a r i n g  

s t a t o r  (v-12), 

c o n t r o l   o f   j a c k i n g   g a s   t o   t h e   j o u r n a l   b e a r i n g s  (V-8), 

c o n t r o l   o f  water c o o l a n t   t o   t h e   a l t e r n a t o r   ( V - l l ) , a n d  

c o n t r o l  of s imula to r   bea r ing   r eg ion   ambien t   p re s su re  (V-14, V-15 

and V-16). 

A l l  p e r t i n e n t   p r e s s u r e s   a n d   f l o w s   f o r   t h e   a b o v e   l i s t e d   c o n t r o l   f u n c t i o n s  were 

measured v i a  Bourdon  tube  pressure  gages  and  Rotometer  f lowmeters  mounted  on 

t h e   c o n t r o l   p a n e l ,  as s e e n   i n   F i g u r e s  V I I - 1 ,  VII-2 and V I I - 3 .  Con t ro l  of t h e  

b e a r i n g   s u p p o r t   h e a t e r s  w a s  o b t a i n e d   v i a   m a n u a l l y - c o n t r o l l e d   v a r i a c s   ( a u t o  

t r a n s f o r m e r s )   a l s o  mounted  on t h e   c o n t r o l   p a n e l .  

Shop a i r  a t  100 PSIG was u s e d   t o   d r i v e   t h e   s i m u l a t o r   t u r b i n e   o v e r   t h e   r e q u i r e d  

range  of  speeds  and e lec t r ica l  loads .   Con t ro l   o f   t u rb ine   i n l e t   t empera tu re  

w a s  a c h i e v e d   b y   r e g u l a t i o n   o f   t h e   h e a t e r  H-1 w i t h   t h e  set p o i n t   c o n t r o l l e r .  

The t e m p e r a t u r e   o f   t h e   g a s   s u p p l i e d   t o   t h e   h y d r o s t a t i c   t h r u s t   b e a r i n g s  w a s  

c o n t r o l l e d  by r e g u l a t i o n   o f   t h e   h e a t e r s  H-2 and H-3 .  Contro l   o f   the   t empera ture  

o f   t h e   t h r u s t   b e a r i n g   a n d   a l t e r n a t o r   c o o l a n t  was achieved by r e g u l a t i o n  of 

t h e   h e a t e r  H-4. 
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Fig. VII-1  View  Showing  the  Left  Hand  Side of the 
Simulator  Control  Panel and Instrument 
Read-out  Equipment 

Fig. VII-2 View  Showing the Right-Hand  Side of the  Simulator 
Control  Panel and Instrument Read-Out  Equipment 
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Fig. VII-3 V i e w  Showing the   S imula tor   Cont ro l   Pane l   and  
Instrument Read-out  Equipment  During Test 



of accuracy   i nvo lved   t he   u se  of a g a g e   s h a f t   a n d   t h e   c a s i n g   t o   j o u r n a l   c a p a c -  

i t a n c e   p r o b e s .  The g a g e   s h a f t   c o n s i s t e d   o f  a c e n t r a l   s e c t i o n ,   w h i c h   j u s t   f i t t . e d  

i n t o   t h e   s t a t o r   b o r e ,   w i t h  two outboard   ex tens ions .   These   ex tens ions  were of t h e  

same length   and   d iameter  as t h e   r o t o r   j o u r n a l s   a n d  were ground  concent r ic   wi th  

t h e   c e n t e r   s e c t i o n .   D u r i n g   a s s e m b l y ,   t h e   g a g e   s h a f t  was i n s e r t e d   i n t o   t h e   s t a t o r  

bore   and   the   cas ings ,   bear ing   suppor ts   and   journa l   bear ing   pads   assembled .   The  

cas ing - to - jou rna l   capac i t ance   p robes  were t h e n   i n s e r t e d   a n d   c o n n e c t e d   t o   t h e  

instrumentat ion  readout   equipment .  Moving each of t h e   g a g e   s h a f t   e x t e n s i o n s   ( i n  

tu rn )   t h roughou t   t he   sma l l   c l ea rance   be tween   t he   cen t r a l   s ec t ion  of  t h e   g a g e   s h a f t  

and t h e   s t a t o r   b o r e   r e s u l t e d   i n   t h e   e s t a b l i s h m e n t  of a p p r o x i m a t e l y   c i r c u l a r  

o r b i t s   i n   t h e   p l a n e s   o f   t h e   c a p a c i t a n c e   p r o b e s ,   e a c h   o f   w h i c h  was d i sp layed  on  a 

CRO. The c e n t e r   o f   t h e s e   o r b i t s  was c o n s i d e r e d   t o   b e   t h e   g e o m e t r i c  center o f   t he  

s t a t o r .  The g a g e   s h a f t  was then   cen te red  by  adjustment   of   the   bear ing  pads  and 

t h e   d i s t a n c e  meter read ing   no ted .  The va lue   o f   t hese   r ead ings  was used  throughout 

t h e  t e s t  p r o g r a m   t o   d e s c r i b e   t h e   g e o m e t r i c   c e n t e r   o f   t h e   a l t e r n a t o r   s t a t o r   a n d   t o  

d e t e r m i n e   t h e   e x t e n t   o f   r o t o r   e c c e n t r i c i t y .  

F o l l o w i n g   t h e   d e t e r m i n a t i o n   o f   t h e   s t a t o r   g e o m e t r i c   c e n t e r , t h e   g a g e   s h a f t  w a s  

removed a f t e r   w i t h d r a w i n g   t h e  No. 2 bear ing   suppor t   comple te   wi th   bear ing .  

The r o t o r  was t h e n   i n s t a l l e d   a n d   t h e   s i m u l a t o r   f u l l y   a s s e m b l e d   a n d   i n s t r u m e n t e d ,  

wi th   the   except ion   of   the   main   (hydrodynamic)   th rus t   bear ing ,   p r ior   to   making  

t h e   n e c e s s a r y   j o u r n a l   b e a r i n g   a d j u s t m e n t s   t o   p e r m i t   v e r t i c a l   o p e r a t i o n  a t  des ign  

s p e e d   w i t h   t h e   r o t o r   c o n c e n t r i c   t o   t h e   a l t e r n a t o r   s t a t o r .   T h e s e   a d j u s t m e n t s  were 

made w h i l e   t h e   r o t o r  was i n  a v e r t i c a l   p o s i t i o n   w i t h   t h e   t h r u s t   r u n n e r   u p p e r m o s t .  

Freedom of r o t a t i o n  was achieved by p r o v i d i n g   t h e   r e v e r s e   t h r u s t   b e a r i n g  w i t h  a 

supply   o f   j ack ing   gas  a t  approximate ly  40 PSIG. The j o u r n a l   b e a r i n g s  were 

a d j u s t e d  t o  a l low a d i ame t ra l   c l ea rance   o f  0.002 inches   w i th   t he   geomet r i c  

c e n t e r  of t h e   c l e a r a n c e   p r o f i l e ,  as desc r ibed  by the   g round- to-shaf t   p robes  

and displayed  on CRO's, p o s i t i o n e d  0.0005 inches   be low  the   geometr ic   cen ter   o f  

t h e   a l t e r n a t o r   c e n t e r .  

Having  completed  these  adjustments , the  s imulator  was p repa red   fo r   p re l imina ry  

t e s t i n g .  
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P r e l i m i n a r y   T e s t i n g  

The  purpose  of   the  prel iminary tests was t o   e s t a b l i s h   q u i c k l y   a n d   s a f e l y ,   t h e  

o p e r a t i n g   c h a r a c t e r i s t i c s   o f   t h e   s i m u l a t o r ,   c o n t r o l   s y s t e m   a n d   i n s t r u m e n t a t i o n  

a s   t he   a s sembly   p rog res sed .   Th i s  method  of t e s t i n g   p e r m i t s   t h e   e a r l y   i d e n t i f i c a -  

t i o n   o f   p r o b l e m   a r e a s   b e f o r e   a c c e s s i b i l i t y  becomes r e s t r i c t e d   a n d   h e n c e ,   a d j u s t -  

ments more d i f f i c u l t .  The e a r l i e s t   s t a g e   a t  wh ich   t he   s imu la to r   cou ld   be   ro t a t ed  

was a t t a i n e d   a f t e r   a d j u s t m e n t   o f   t h e   r o t o r   c o n c e n t r i c i t y ,   b e a r i n g   c l e a r a n c e s   a n d  

a s s e m b l y   o f   t h e   r e v e r s t   t h r u s t   b e a r i n g .  The f i r s t  t e s t  was performed  with  the 

s imula to r   ve r t i ca l ,   t he   t h rus t   bea r ing   be ing   uppe rmos t .   The   ma in   t h rus t   bea r ing  

was n o t   i n s t a l l e d   a n d   t h e  VRE and  load  bank were n o t   e l e c t r i c a l l y   c o n n e c t e d  

t o   t h e   a l t e r n a t o r .   T e s t i n g  commenced on December 1 7 ,  1966. A summary i n d i c a t i n g  

t h e  test  conf igu ra t ion ,   pu rpose   and   obse rva t ions   no ted   du r ing   t hese  t es t s  is  

g i v e n   i n   T a b l e  V I I - 1 .  

Af te r   the   comple t ion   of  Test  1, t h e   a x i s   o f   t h e   s i m u l a t o r  was i n c l i n e d   a t  45 , 
the   th rus t   runner   remain ing   uppermost ,   and   the  t e s t  repea ted   wi th   and   wi thout  

j o u r n a l   b e a r i n g   j a c k i n g   g a s .   F o r   t e s t s  numbered 3 through  9,  a DC power supply 

was u s e d   t o   p r o v i d e   e x c i t a t i o n   t o   t h e   a l t e r n a t o r   f i e l d .  The  load  bank was 

connected up f o r  Test  Number 7 .  For t es t s  numbered 10 through 14,  t h e  DC power 

supply  was  replaced by t h e  VRE, wi th   an  ON-OFF switch  and  an  ammeter  inserted 

between  the VRE a n d   t h e   a l t e r n a t o r   f o r   t h e   p u r p o s e   o f   m e a s u r i n g   t h e   e x c i t a t i o n  

c u r r e n t .  A t  t he   conc lus ion   o f   Tes t  Number 12 ,   t he   ma in   t h rus t   bea r ing  was a s -  

sembled ,   the   var ious   access   ho les   sea led   to   permi t   opera t ion  a t  lower  than 

ambient   p ressures ,   and   the   ins t rumenta t ion   se t -up   comple ted .   Tes ts  13 and 

14 were ,   therefore ,   conducted   wi th   the   comple te  t e s t  se t -up   r equ i r ed  by the  

t e s t   p l a n .  

0 
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TABLE V I I - 1  

PRELIMINARY TEST PROGRAM 

)at  e 

12/17/67 

12/20/66 

12120166 

12/20/66 

12/20/66 

Conf igura t ion   Tes ted  

Vertical, w i t h   r o t o r  
supported by r e v e r s e   t h r u s t  
bearing. No a l t e r n a t o r  
e x c i t a t i o n .  

45Oinclination.  Rotor 
supported by r e v e r s e   t h r u s t  
bear ing.  No a l t e r n a t o r  
e x c i t a t i o n  

As Test 2 b u t   a l t e r n a t o r  
exc i ta t ion   suppl ied   f rom 
DC power supply.  No 
r o t a t i o n  

A s  Test 3 bu t   s imu la to r  
running a t  10,000 R P M  

As Test 4 b u t   j o u r n a l  
bearings  hydrodynamic 

Purpose  of Test 

:heck r o t o r   o p e r a t i n g  
:oncent r ic i ty ,   bear ing  
-1earance  and  standard 
If   balance 

:heck j o u r n a l   b e a r i n g  
jacking  gas  system  and 
2f f e c t  on  bearing 
performance when j o u r n a l  
jacking  gas  removed 

i s c e r t a i n   t h e   e f f e c t s  of 
e x c i t a t i o n  on r o t o r  
c o n c e n t r i c i t y  

A s c e r t a i n   t h e   e f f e c t   o f  
v a r y i n g   e x c i t a t i o n   c u r r e n t  
on t h e   p a r t i a l l y   l o a d e d  
rotor-bearing  performance 

As Test 4 

Test Observat ions 

A speed  of 14,400 R P M  was 
achieved.  Rotor  concentric- 
i t y ,   bea r ing   c l ea rance   and  
s tandard  of   balance were 
s a t i s f a c t o r y .  

A t  10,000 R P M  the   bea r ing  
system  performed  satisfac- 
t o r i l y ,  No apparent  
change i n   j o u r n a l   b e a r i n g  
performance when j ack ing  
gas   tu rned   of f .  

A t  0 R P M  w i t h   r o t o r . 0 . 0 0 0 5   i n .  
eccent r ic   and   suppor ted  by 
jacking  gas ,   switching  on 
t h e   e x c i t a t i o n   i n c r e a s e d  
t h e   e c c e n t r i c i t y  by 
approximately  0.0005  in.  

A t  10,000 R P M  t h e   e x c i t a t i o n  
was increased  from 0 t o  5 
amps. Ro to r   eccen t r i c i ty  
increased  from 0.0003 i n ,  t.0 

0.00035 in .   Jou rna l   bea r ing  
f i l m  th ickness  was reduced 
by 0.0001 i n .  

Resul ts   approximately as 
obse rved   i n  Test 4 



T e s t  4 

6 

7 

8 

9 

10 

D a t e  

.2/21/66 

L2/21/67 

L2/21/67 

L2/21/66 

12/22/66 

TABLE VI I- 1 (Coat i n u e d )  

P R E L I M I N A R Y  TEST PROGRAM 

C o n f i g u r a t i o n   T e s t e d  

As T e s t  5 b u t   i n c l i n e d  a t  
5 O  

As T e s t  6 b u t   l o a d   b a n k  
c o n n e c t e d   a n d   b e a r i n g s  
o p e r a t i n g   h y d r o s t a t i c a l l y  

As T e s t  7 

As T e s t  7 b u t   w i t h   h y d r o -  
d y n a m i c   j o u r n a l   b e a r i n g s  

As Test 7 w i t h  VRE 
i n s t a l l e d  

P u r p o s e   o f   T e s t  

A s c e r t a i n   t h e   e f f e c t   o f  
v a r y i n g   e x c i t a t i o n  on  t h e  
f u l l y   l o a d e d   r o t o r - b e a r i n g  
p e r f o r m a n c e  

A s c e r t a i n   t h e   e f f e c t   o f  
b a l a n c e d   e l e c t r i c a l   l o a d  
o n   r o t o r - b e a r i n g   p e r f o r m a n c e  

A s c e r t a i n   t h e   e f f e c t   o f  
u n b a l a n c e d   e l e c t r i c a l  load  
on r o t o r - b e a r i n g   p e r f o r m a n  

As T e s t  7 

A s c e r t a i n   t h e   p r o p e r  
o p e r a t i o n   o f   t h e  VRE 

c e  

T e s t   O b s e r v a t i o n s  

R e s u l t s   a p p r o x i m a t e l y   a s  
o b s e r v e d   i n   T e s t s  4 and 5 

A t  12,000 RPM t h e   a l t e r n a t o r  
l o a d  was s l o w l y   i n c r e a s e d  
t o  3KW w i t h  no n o t i c e a b l e  
e f f e c t   o n   r o t o r   p o s i t i o n  
o r   b e a r i n g   c l e a r a n c e  

As T e s t  7 

A t  12,000 RPM t h e   l o a d  bas 
i n c r e a s e d   i n  3 KW i n c r e m e n t s  
t o  12.0 KW. S l i g h t   c h a n g e s  
i n   o r b i t   a n d   b e a r i n g  
c l e a r a n c e   n 0 t e . d .  

VRE a u t o m a t i c a l l y   b e c o m e s  
o p e r a t i v e  a t  7400 RPM. 
P e r f o r m a n c e   s a t i s f a c t o r y .  



rest 'i 

1 1  

12 

13 

14 

"- 

D a t e  
- . 

1 2 / 2 2 / 6 6  

12 /23 /66  

1 / 4 / 6 7  

1 / 4 / 6 7  

TABLE VII-1 (Concluded) 

PmLIMINARY TEST PROGRAM 

- 
C o n f i g u r a t i o n   T e s t e d  

_______ . . . "_ " .. 

As T e s t  10 

S i m u l a t o r   v e r t i c a l   w i t h  
t h r u s t   b e a r i n g   u p p e r m o s t  

S i m u l a t o r   v e r t i c a l   w i t h  
t u r b i n e   u p p e r m o s t  

As T e s t  13 

"" 

P u r p o s e   o f  Test 
.__ 

A s c e r t a i n   t h e   e f f e c t   o f   s i n g l e  
a n d   t h r e e   p h a s e   s h o r t  
c i r c u i t s   o n   r o t o r - b e a r i n g  
p e r f o r m a n c e  

I m p r o v e   t h e   s t a n d a r d  of 
r o t o r   b a l a n c e   t o   f a c i l i t a t e  
i d e n t i f i c a t i o n   o f   r o t o r  
r e s p o n s e   t o   e l e c t r o m a g n e t i c  
f o r c e s  

C h e c k   o u t   m a i n   h y d r o d y n a m i c  
t h r u s t   b e a r i n g  

C h e c k   o u t   s y s t e m   w i t h  
b e a r i n g s   o p e r a t i n g  a t  low 
a m b i e n t  pressures ( 7 . 2  a n d  
10.5 PSLA) 

Test 0 b s e . r v a t i o n s  
" - ." - 

The s h 0 r . t   c i r c u i t s ,  
a p p l i e d   f o r   v a r y i n g  
p e r i o d s  up t o  5 s e c o n d s  
r e s u l t e d   i n  o rb i t  enlarge- 
ments of less t h a n  20 micrc 
inches. 

To a m p l i t u d e  of r o t o r  
v i b r a t i o n  a t  No. 2 
b e a r i n g   w a s   r e d u c e d   b y  
a f a c t o r   o f  2.  The 
a m p l i t u d e  a t  No. 1 
b e a r i n g   d i d   n o t   r e q u i r e  
c o r r e c t i o n  

The   ma in  
t h r u s t   b e a r i n g   p e r f o r m e d  
s a t i s f a c t o r i l y  when 
o p e r a t i n g   h y d r o d y n a m i c a l l y  
a n d   h y d r o s t a t i c a l l y  

A l l  p e r f o r m a n c e  
s a t i s f a c t o r y  

I 



Conditions  and  Details  of  Simulator  Test 

To determine  and  evaluate  the  effects of electromagnetic  forces  on  the  turbo- 
alternator  rotor-bearing  system,a  number  of  simulator  configurations  uere 

assembled  and  tested. The variables  involved  in  the  definition  of  these 

configurations are 

1. rotor orientation, 

2. mechanical  unbalance, and 

3 .  alternator  rotor  eccentricity. 

For  each  of  these  variables,  certain  conditions  were  selected as fo~lows: 

1. 

2 .  

3. 

4 .  

5. 

6. 

Simulator  in  the  vertical  position  (turbine  end  up); 

Simulator  in the. horizontal  position  (soft  flexures up); 

Rotor  shaft  with  minimum  residual unbalance; 

Rotor  shaft  with  0.005  ounce  inches  me.chanica1  unbalance i n  the  plane. 

of the  turbine  wheel ; 

Rotor sha€t magnetically  concentric  with  the  alternator  stator ; and 

Rotor  shaft  magnetically  eccentric 0 . 0 0 2  2 0.0005  inches  radially  with 
the.  alte.rnator stator. 

These  variables h e r e  combined  and  the  simulator  assembled  to  form s i x  (6) con- 

ligurations  (or  test  scat-ups)  as €allows in Table. V I I - 2 .  

Each o f  these s i x  simtl.lator  configurations  were  subjected  to  the  tests  shown in 

Tables V I I - 3 ,  V I I - 4  and  VI1-5. 
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TABLE v r I - z  

S i m u l a t o r   C o n f i g u r a t i o n   V a r i a b l e s  

S i m u l a t o r  S i m u l a t o r  S i m u l a t o r  M e c h a n i c a l l y  M e c h a n i c a l l y  M a g n e t i c a l l y  M a g n e t i c a l l y  
C o n f i g .  H o r i z o n t a l  Ve.rtica1 H a l a n c e d  U n b a l a n c e d  C o n c e n t r i c  E c c e n t r i c  

a X X X 

b X X X 

P re .   l oad  

- 6 1 2  

. 6 i 2  

- 6 1 2  

. 6 1 2  

.49 1 

-491  

.491 

. $ 9  I 

X 

X 

X 

X 

X 

X 

X 

X 

TABLE VII-3 

ZERO ELECTRICAL LOAD TEST CONDLTIONS 

X 

T e . s t   C o n d i t i o n s   T e s t   P o i n t  Number 

p r e s s u r e   P s i a   S t a t o r ; ' ;  10,800 RPM 12,000 RPM 14,400 RPM 

10 .5  

1 0 . 5  

7.2 

7 . 2  

1 0 . 5  

1 0 . 5  

7 . 2  

7 . 2  

DE 

E 

DE 

E 

DE 

E 

DE 

E 

- 3 

1 2 4 

11 

1 2  10 9 

15 

- 

- - 

- - 

13 14 16 

2 3  

24 2 2  21 

- - 



TABLE V I  1-4 

BALANCED ELECTRICAL LOAD TEST CONDITIONS AT 12,000 RPM A N D  0 . 8  POWER FAC'I'OII 

T e s t   C o n d i t i o n s  Test P o i n t  Number 

P r c  1 oad- -Pressure 3.0 KWe 6.0 KWe 9.0 KWe .12.0 KWe 

.612 

-612 

.49 1 

.491 

10.5 - 5 6 - 

7.2 8 7 - - 

10.5 - 17 18 

7 . 2  20 19 - 

- 

TABLE V 1 I - 5  

UNBALANCED LOADS AND SHORT C I R C U I T  TEST POINTS 

T e s t  C c n d  i t  i o n s  T e s t   P o i n t  Number 

P r e  1 oad P r e s s u r e .   P o w e r   F a c t o r  3.33 K V A  1d s h o r t e d  3d s h o r t e d  

- 6 1 2  10 .5  

. 6 1 2  10.5 

. 6  12 7.2 

. 6 1 2  7 . 2  

.49 1 10.5 

.49 1 10.5 

.49 1 7 . 2  

.49 1 7 . 2  

1 

0 .8  

1 

0.8  

1 

0 .8  

1 

0 . 8  

2 5  - - 

- 33 29  

2 6  - 

- 34 30 

1 7 7  



Notes pertinent  to  Table VII-5: 

1) 3.33 K V A ,  ( a l t e r n a t o r   c o n n e  

2 )  l d  s h o r t e d ,   ( a l t e r n a t o r  a t  

3 )  3 d s h o r t e d ,   ( a l t e r n a t o r   1 2  

I t  s h o u l d   b e   n o t e d   t h a t   t h e   v a  

C 

1 

1 

t e d  1 d - t o  n e u t r a l  - 28 o p e n   c i r c u i t )  

2 KWe t h e n  1 d s h o r t e d  f o r  5 secs maximum) 

KWe t h e n  3 d s h o r t e d   f o r  5 secs maximum) 

u e s   o f   p r e l o a d   g i v e n   i n   T a b l e s   V I I - 3 ,   V l l - 4   a n d  

VII -5  r e l a t e  t o  a b e a r i n g   c l e a r a n c e  r a t i o  ( C  / R )  of 1 . 2 8  x 1 0  a t  d e s i g n - p o i n t  

o p e r a t i n g   c o n d i t i o n s .   T h e   r e l a t e d   d i a m e t r a l   c l e a r a n c e s  t o  t h e s e   p r e l o a d   v a l u e s  

a r e  as f o l l o w s :  

-3 
P 

P r e l o a d  

0 .612  

0.491 2 . 2 8  MILS 

D u r i n g   t h e   c o u r s e  of t h e  t es t  p r o g r a m , t h e   c h a n g e   i n   d i a m e t r a l   c l e a r a n c e  w a s  

a c c o m p l i s h e d  by i n c r e a s i n g   t h e   b e a r i n g   s u p p o r t   t e m p e r a t u r e  a s  d e s c r i b e d   i n   s e c t i o n  

VI o f  t h i s   r e p o r t .  

T h e  p l a n n e d   s e q u e n c e   i n   w h i c h   t h e  t e s t s  were t o  b e   p e r f o r m e d  bas i n   t h e   o r d e r  o f  

a s c e n d i n g  t e s t  p o i n t   n u m b e r .   T h i s   s e q u e n c e  was i n t e n d e d  to a l low t h e   a c c u m u l a t i o n  

of t e s t  d a t a   f r o m  a l l  o f   t h e   n o   l o a d '   a n d   ' b a l a n c e d   l o a d '   c o n d i t i o n s   b e f o r e   p r o -  

c e d i n g   w i t h   t h e   ' u n b a l a n c e d   l o a d '   a n d   ' s h o r t - c i r c u i t '   c o n d i t i o n s .   T h e s e  l a t t e r  

c o n d i t i o n s   b e i n g   c o n s i d e r e d   t h e  most  h a z a r d o u s  t o  u n i n t e . r r u p t e d   o p e r a t i o n   d u e  t o  

t h e   t r a n s i e n t s   i n v o l v e d .  

A t  t h e   t e r m i n a t i o n   o f   t h e   p r e l i m i n a r y  t e s t  p r o g r a m   d e s c r i b e d   i n   t h e   p r e c e d i n g  

s e c t i o n ,   h o w e v e r ,  i t  was c o n c l u d e d   t h a t   c o n d i t i o n s   i n v o l v i n g   s e v e r e   t r a n s i e n t s  

w h i c h   m i g h t   p r o v e   h a z a r d o u s  t o  u n i n t e r r u p t e d   o p e r a t i o n   w o u l d   n o t   b e   e n c o u n t e r e d .  

T h i s   c o n c l u s i o n ,   p e r m i t t e d   t h e   r e v i s i o n  o f  t h e  t e s t  p l a n  t o  a l l o h  t e s t i n g   u n d e r  

z e r o  a n d   b a l a n c e d   e l e c t r i c a l   l o a d   c o n d i t i o n s  t o  b e   i m m e d i a t e l y   f o l l o k e d   b y  o n -  

b a l a n c e d   a n d   s h o r t   c i r c u i t   t e s t i n g ,   t h e r e b y   r e d u c i n g   s i g n i f i c a n t l y   t h e .   t i m e   r e q u i r e t i  

f o r   s i m u l a t o r   a d j u s t m e n t .  
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Data Acquired  During  Test 

Testing  of  the  rotor-bearing-alternator  simulator  commenced on January 10, 1967, 

and was completed on January 30, 1967. Test  data was taken  at  each  of  the  216 

prescribed  test  points in a  total  running  time  of 91 hours. An approximate 

breakdown  of  the  running  time  results in 16 hours  for  set  up  and  preliminary 
tests, 47 hours  to  establish  reasonably  stable  temperature  conditions  for  test 

data  points,  and 28 hours  to  obtain  test  data. The duration of the longest  test 

conducted  without  shutdown  was  approximately 4 hours. 

Testing  of the  various  configurations  was  conducted  in  the  sequence  shown  in 

Table VII-6.  This  table  also  shows  the  major  variables  in  each  configuration 

tested,  the  sequence  in  which  journal  bearing  adjustments were made, and  the 

average  diametral  journal  bearing  clearances  throughout  the  test  of  each  con- 

figuration. 

The rotor-bearing-alternator  simulator  was  equipped with  the  instrumentation 

described  in  Sections I1 and  VI  of  this  report.  During  the  course  of  the  test 

program,  data  was  obtained  at  each  test  point  from  the  instrumentation  previously 

described,  with  the  exception  of  the  pad  flutter  probes  and  the main thrust 

stator  probe. In addition  to  this data,  magnetic  tape  recordings  were  made 

of  the  primary  instrumentation  signals  at  each  data  point.  Polaroid  photographs 

were  also  taken  of  the CRO displays  during  the  configuration  A  and F tests 

involving  increased journal bearing  clearance. 

Details  concerning  the  data  acquired  and  tabulated are given  in  Table  VII-7. In 

this  table,  under  the  column  entitled Form of ' Data  Acquisition',  the term 
tabulation  refers  to  the  data  entered on the  test  data  sheets. The position of 

the  sensors  identified  in  the  column  entitled  "Sensor  Designation''  can  be  found 

both in this  report  and  the  referenced  documentation as follows: 
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Sensor   Desc r ip t ion  

Pad   to   Shaf t   Probes   and  
Pad Thermocouples 

Ground t o   S h a f t  and 
P i t ch   P robes  

Bearing  Support  
Tempera t u r e s  

Jacking   gas   supply  
pressures   and   f lows  
and  bear ing  ambient  
p r e s s u r e s  

T h r u s t   b e a r i n g  
f i l m  t h i c k n e s s  
probes   and   tempera tures  

Thrus t   bea r ing   coo lan t  
f lows , t empera tu res  
and   loading   pressures  

Al te rna tor   Tempera tures  

A l t e r n a t o r  Power 

Report   Reference 
F i g u r e  Nos. 

11-23,  11-24,  11-25 

11-23,  11-24 

- 

VII-4 

- 

VII-4 

Other   References 

V I - 1 1  Avtron  Manufacturing 
Operat ing & I n s t a l l a t i o n  
I n s t r u c t i o n s   f o r  
Model  T80  Load Bank 

Turbine   Opera t ion  VII-4 

P r i o r   t o   e v a l u a t i n g   t h e   p e r f o r m a n c e   o f   t h e   r o t o r - b e a r i n g - a l t e r n a t o r   s i m u l a t o r ,   t h e  

da ta   concern ing   bear ing  f i l m  t h i c k n e s s e s ,   r o t o r   p o s i t i o n   a n d  dynamic  motion 

was c o r r e c t e d  by t h e   a p p r o p r i a t e   c a l i b r a t i o n   f a c t o r   f o r   e a c h   i n d i v i d u a l   c h a n n e l  

o f   i n s t r u m e n t a t i o n .  



Simulator 
Tes t  

mf igu ra t ion  

A 

A 

B 

B 

C 

C 

D 

D 

E 

E 

F 

F 

TABLE VII-6 SEQUENCE OF TESTING  SHINING  VALUES OF PRIMARY VARIABLES  OBTAINED  DURING  TESTS 

Tested 
Date 

1/10/67 

1/26/67 

1/25/67 

1/26/67 

1/24/67 

1/25/67 

1/ 161  67 
1/18/67 

1/13/67 

1/18/67 

1/17/67 

1/23/67 

Orien ta t ion  
Rotor 

V 

V 

V 

V 

H 
H 

V 

Y 
V 

V 

H 

H 

Balance 
Rotor 

B 

B 

UB 

UB 

UB 

U B  

B 

B 

UB 

UB 

UB 

UB 

Concent r ic i ty  
Magnetic 

C 

C 

C 

C 

C 

C 

EC 

EC 

EC 

EC 

EC 

EC 

V - Rotor   Vert ical ,  H-Rotor Hor izonta l ,  B-Rotor with  residual  unbalance 

UB - Roto r   v i th  added  unbalance,  C-rotor  concentric, 

EC-Rotor eccen t r i c  

Journa l  
Bearing 

Ld j us  tment 
40 

1 
5 

5 

5 

4 

4 
2 

2 

2 

2 

2 

3 

Iesign  Bearing 
Diametral 
Clearance 

(Mils) 

'1.75 

22.28 

21.75 

22.28 
21.75 

22.28 

21.75 

21.75 

22.28 

22.28 

21.75 

22.28 

T Bearing Clearance 
Average Journa l  

I- Durin Tc 
Bearing 

2.17 

2.86 

1.85 

2.90 

2.05 

2.71 

1.78 

2.67 

1.89 

2.54 

2.01 

2.43 

Bearing 

2.36 

2.83 

1.68 

2.84 

1.95 

2.68 

1.96 

2.80 

1.89 

2.81 

1.81 
2.51 

~ ~~ ~~ 

Sequence 
in Which 
Conf igura t ions  
Were Tested 

12 
10 

11 
8 
9 

3 

6 

2 

5 

4 
7 



Sensor  Location 

Upper  Pad-  to  -Shaf t 
I1 

Lower  Pad-  to-  Shaf t 
I I  

Ground  Shaft (H) 
I I  ( V )  

One Upper Pad  (See 
Fig. 11-26). 

One  Lower  Pad '(See 
Fig. 11-26). 

Bore of Bearing 
Support In Plane  of 
Pivots 

Test  Panel 

Simulator 

TABLE VII-7  DETAILS OF DATA  ACQUIRED  DURING  ROTOR-BEARING 
ALTERNATOR-SIMULATOR  TEST  PROGRAM 

ill Journal  Bearing  (Turbine  End) 

Measurement 

Film  Thickness 
I t  

1 1  

I1 

Dynamic  Motion of Journal 
I 1  

Turbine  end  Temperature 

Leading  edge  temperature 

Trailing  edge  temperature 

Alternator  end  temperature 

Turbine  end  temperature 

Trailing  edge  temperature 

Leading  edge  temperature 

Alternator  end  temperature 

Bearing  Support  Temperature 

I 1   I 1  II 

I1 1 1  I I  

Jacking  Gas  Supply  Pressure 

Bearing  Ambient  Pressure 

Sensor  Designation 

PF- 1 

PF-2 

PF-3 

PF -4 
PS- 7 
PS-8 

TC-3 

TC-4 

TC-  5 

TC-6 

TC-7 

TC-8 

TC-9 

TC-10 

TC-40 

TC-4 1 

TC-42 

P-6 

P-5 

Form of Data  Acquisition 

Tabulation 
11 

Tabulation & Magnetic  Tape 

Tabulation 

Tabulation & Magnetic  Tape 
1 1  11  I 1  I 1  

Temp.  recorder  Channel  1B 
I 1  11  

' I  3B 
11  I I  

I '  4B 
I I  11 7B 
I I  I I  

I t  2B 
I 1  I I  

I '  5B 
11 I I  

I '  6B 
I 1  I 1  

' I  8B 
1 1  II 

I'  10B 

I 1   I 1  11B 
I 1  11  

' I  9B 

Tabulation 

Tabulation 



L o c a t i o n  

Upper  Pad -To -Shaf t 
I1  I 1  I 1  I 1  

Lower   Pad   - t o   -Sha f t  
I 1   I 1  I 1   I 1  

Ground  - to   -Shaf  t (H)  

Ground  - to   -Shaf t   (V)  

One  Upper  Pad 

( S e e   F i g u r e   1 1 - 2 6 )  

One Lower  Pad 

( S e e   F i g u r e   1 1 - 2 6 )  

B o r e   o f   B e a r i n g  
S u p p o r t   i n   P l a n e   o f  
P i v o t s  

T e s t   P a n e l  

S i m u l a t o r  

TABLE V I I - 7  DETAILS OF DATA ACQUIRED D U R I N G  ROTOR-BEARING 

ALTERNATOR-SIMULATOR TEST PROGRAM ( C o n t . )  

#2 J o u r n a l   B e a r i n g   ( T h r u s t   E n d )  

Measurement  

F i l m   T h i c k n e s s  
I 1  1 1  

1 1  I !  

I 1  I 1  

Dynamic   mot ion  of j o u r n a l  
I1 I 1  I 1  I 1  

A l t e r n a t o r   e n d   t e m p e r a t u r e  

T r a i l i n g   e d g e  I 1  

L e a d i n g  ' I  

T h r u s t   e n d  

A l t e r n a t o r   e n d   t e m p e r a t u r e  

T r a i l i n g   e d g e  1 1  

L e a d i n g  I '  I 1  

T h r u s t   e n d  

B e a r i n g   S u p p o r t   T e m p e r a t u r e  

I 1  

1 1  

I 1  

J a c k i n g  Gas S u p p l y   P r e s s u r e  

B e a r i n g   A m b i e n t   P r e s s u r e  

S e n s o r   D e s i g n a t i o n  

PF-21  

PF-22 

PF-23 

PF-24 

PS-27 

PS-28 

TC-20 

TC-21 

TC-22 

TC-23 

TC-24 

TC-25 

TC-26 

TC-27 

TC-45 

TC-46 

TC-47 

P-6  

P-  5 

Form of Data A c q u i s i t i o n  

T a b u l a t i o n  
I 1  

T a b u l a t i o n  & M a g n e t i c   T a p e  

T a b u l a t i o n  

T a b u l a t i o n  & Magne t i c   Tape  
I 1  11  I 1  

Temp. R e c o r d e r   C h a n n e l   1 2 B  
I 1  11 

I 1  I t  

I 1  I 1  

I 1  1 1  

I 1  I 1  

I 1  II 

I 1  I t  

11  I 1  

I 1  I 1  

I 1  1 1  

T a b u l a t i o n  
I 1  

14B 

15B 

18B 

13B 

16B 

17B 

19B 

20B 

2 1 B  

22B 



TABLE V I I - 7  DETAILS OF  DATA ACQUIRED  DURING  ROTOR-BEARING 

ALTERNATOR-SIMULATOR TEST PROGRAM ( C o n t . )  

M a i n   a n d   R e v e r s e   T h r u s t   B e a r i n g s  

L o c a t i o n  

R e v e r s e   T h r u s t   S t a t o r -  
t o - T h r u s t   R u n n e r  

M a i n   T h r u s t   S t a t o r -  
t o - T h r u s t   R u n n e r  

M a i n   T h r u s t   S t a t o r  

F l e x i b l e   S u p p o r t  

M a i n   T h r u s t  

S t a t o r  

Ma i n   r h r u s  t 
C o o l a n t   I n l e t   P i p e  

M a i n   T h r u s t  
C o o l a n t   O u t l e t   P i p e  

T e s t   P a n e l  

T e s t   P a n e l  

S i m u l a t o r  

T e s t   P a n e l  

Measuremen t  

F i l m   T h i c k n e s s  

F i l m   T h i c k n e s s  

F i l m   T h i c k n e s s  
11  I 1  

O u t e r   R i n g   T e m p e r a t u r e  

I n n e r  Ring T e m p e r a t u r e  

T h r u s t   S t a t o r   T e m p e r a t u r e  
I 1  I 1   I 1  

11 I 1  I !  

C o o l a n t  I n l e t  T e m p e r a t u r e  

C o o l a n t   O u t e r   T e m p e r a t u r e  

C o o l a n t   F l o w   R a t e  

Main T h r u s t   B e a r i n g  
J a c k i n g   g a s   s u p p l y   p r e s s u r e  

M a i n   t h r u s t   b e a r i n g  
L o a d i n g   C a v i t y   P r e s s u r e  

M a i n   T h r u s t   B e a r i n g  
J a c k i n g   g a s  f l o w  ra te  

S e n s o r   D e s i g n a t i o n  

PT-29 

PT-30 

PT-31 

PT-32 

TC-28 

TC-29 

TC-30 

TC-31 

TC-32 

T -9  

T -10 

FM- 3 

P -8 

P - 3  

FM- 2 

Form of Data A c q u i s i t i o n  

T a b u l a t i o n  

T a b u l a t i o n  & M a g n e t i c   T a p e  

T a b u l a t i o n  
I 1  

T e m p . r e c o r d e r   C h a n n e l  1 8 H  

19H 

20H 

21H 

22H 

16H 

11 11 11 

I 1  11  11 

I1 11 I 1  

I 1  I 1  I 1  

11 I 1   I 1  

I 1  I 1  I 1  17H 

T a b u l a t i o n  
11  

II 

I !  



TABLE VII-7 DETAILS OF DATA ACQUIRED DURING ROTOR-BEARING 

ALTERNATOR-SIMULATOR TEST PROGRAM(C0nt.) 

M a i n   a n d   R e v e r s e   T h r u s t   B e a r i n g s   ( C o n t i n u e d )  

I I I I 1 
L o c a t i o n  Form of  Data A c q u i s i t i o n  S e n s o r   D e s i g n a t i o n   M e a s u r e m e n t  

Test P a n e l  T a b u l a t i o n  P-1 R e v e r s e   T h r u s t   B e a r i n g  
J a c k i n g  Gas S u p p l y   P r e s s u r e  

S i m u l a t o r  P-4 Reverse T h r u s t   B e a r i n g  I 1  

L o a d i n g   C a v i t y   P r e s s u r e  

T e s t   P a n e l  
J a c k i n g  Gas Flow Rate 

FM- 1 R e v e r s e   T h r u s t   B e a r i n g  11 

S i m u l a t o r  P-5 M a i n   a n d   R e v e r s e  11  

T h r u s t   h e a r i n g  
A m b i e n t   P r e s s u r e  

1 



TABLE  VII-7  DETAILS OF DATA  ACQUIRED  DURING  ROTOR-BEARING 

ALTERNATOR-SIMULATOR  TEST  PROGRAM  (Cont.) 

Alternator 

Location 
- 
Frame I.D.  Drive  End 

Stator  Core 

Stator  Tooth I t  

End  Turn 

1 1  

I 1  

I 1  11  

11  I 1  I 1  I1 

Frame 1.D.  Anti Drive 
end 

Bus I1 I 1  

I1 I 1  I 1  

Stator  Tooth  Anti  Drive 
End 

End  Turn 

Coolant  Inlet 

Coolant  Outlet 

Load  Bank 

11   11  

I1 1 1  

I 1  I 1  

I1 I1 

I 1  I1 

1 1  11  

I 1  I 1  

1 1  11  

Measurement 

Temperature 
I 1  

Output  Volts  (L-N) 
I 1  I 1  I1 

11  I 1  I 1  

output Amps 
I 1  I 1  11 

I 1  11  I 1  

Output  Watts 
I 1  I1 I 1  

Sensor  Designation 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

VM1 

VM2 

vM3 

AM1 

AM2 

AM3 

WM1 

WM2 

Temp.  Recorder  Channel  1H 
11  i1 

11 11 

11  11 

I 1  11 

I 1  I f  

11  11 

I 1  11 

11 11 

11  1 1  

I 1  11 

II 11 

Tabulation 
I t  

I 1  

1 1  

I 1  

11  

I1  

I1 

I t  

11 

11 

11 

11 

11 

II 

11 

11 

11 

11 

2H 

3H 

4H 
5H 

6H 

7H 

8H 

9H 

10H 

11H 

12H 

. 



! 

L o c a t i o n  

Load  Bank 
I 1  I 1  

I 1  I 1  

I I  I1 

T e s t   P a n e l  

S i m u l a t o r  

S i m u l a t o r  
I 1  

I1 

TABLE V I I - 7  DETAILS OF  DATA ACQUIRED D U R I N G  ROTOR-BEARING 

ALTERNATOR-SIMULATOR TEST PROGRAM ( C o n t . )  

A l t e r n a t o r   ( C o n t i n u e d )  

Measurement  

O u t p u t  Watts (L-N) 

DC F i e l d   C u r r e n t  

DC S h o r t   C i r c u i t  
F i e l d   C u r r e n t  

o u t p u t  Amps 
S h o r t   C i r c u i t   C u r r e n t  

Air S u p p l y   M a n i f o l d   P r e s s u r e  

T u r b i n e   S u p p l y   P r e s s u r e   a t  
N o z z l e   I n l e t  

T u r b i n e   I n l e t   T e m p e r a t u r e  

T u r b i n e   O u t l e t   T e m p e r a t u r e  

R o t o r   S p e e d  

S e n s o r   D e s i g n a t i o n  

WM3 

P 1  

P2  

T2 

T11  

Form .of Data A c q u i s i t i o n  

T a b u l a t i o n  
I 1  

I 1  

11  

Tabu l a  t i o n  
I1  

Temp. R e c o r d e r   C h a n n e l  13H 

' I  23B 

D i g i t a l   C o u n t e r  & M a g n e t i c  
Tape  

1 1  1 1  



T e s t   E v a l u a t i o n   o f   R o t o r   R e s p o n s e   a n d   S t a b i l i t y  

T h e   p r i m a r y   p u r p o s e   o f   t h e   e x p e r i m e n t a l   p r o g r a m  was t o  d e m o n s t r a t e   t h e   s u i t a b i l i t y  

o f   t h e   r o t o r - b e a r i n g   s y s t e m   u n d e r   o p e r a t i n g   c o n d i t i o n s   i n v o l v i n g   t h e  e l e c t r o -  

m a g n e t i c   f o r c e s   a t t e n d e n t   o n   t h e   g e n e r a t i o n  of  e l e c t r i c a l   p o w e r .  An e x t e n s i v e  

p r o g r a m   o f   t . e s t i n g  was c o m p l e t e d   i n v o l v i n g  a w i d e   r a n g e   o f   o p e r a t i n g   c o n d i t i o n s .  

D e t a i l e d   i n f o r m a t i o n   c o n c e r n i n g   t h e  t e s t  c o n d i t i o n s  a r e  c o n t a i n e d   i n   T a b l e s  

V I I - 2 ,  VII-3, VII-4 a n d  VII -5 .  

T h e   p e r f o r m a n c e  of  t h e   r o t o r - b e a r i n g   s y s t e m  was e n t i r e l y   s a t i s f a c t o r y   t h r o u g h o u t  

t h e  t e s t  p r o g r a m .   D y n a m i c   r e s p o n s e   o f   t h e   r o t o r   a n d   t h e   b e a r i n g   p a d s  was i n  a l l  

c a s e s   b u t   o n e ,   s y n c h r o n o u s   a n d   o f  small a m p l i t u d e .  

T h e   s e c o n d   p u r p o s e  of t h e  t e s t  p r o g r a m   w a s  t o  o b t a i n   e x p e r i m e n t a l   v e r i f i c a t i o n  

o f   t h e   a c c u r a c y   o f   t h e   a n a l y t i c a l   p r o c e d u r e s   ( d e v e l o p e d   i n   S e c t i o n  V of  t h i s  

r e p o r t )   f o r   p r e d i c t i n g  r o t o r  r e s p o n s e   a n d   s t a b i l i t y .   U n f o r t u n a t e l y , t h e   a c c u r a c y  

o f   t h e s e   p r o c e d u r e s   c o u l d   n o t   b e   e s t a b l i s h e d   f r o m   t h e   r e s u l t s   o f   t h e   t e s t   p r o g r a m .  

W h i l e   t h e  t e s t  r e s u l t s   a g r e e   q u a l i t a t i v e l y   w i t h   p r e d i c t e d   r e s u l t s   ( i . e . ,   t h e  

r o t o r  was s t a b l e   a n d   t h e   f o r c e d - v i b r a t i o n   a m p l i t u d e s  were small) ,  q u a n t i t a t i v e  

v e r i f i c a t i o n  was n o t   p o s s i b l e   b e c a u s e  (1) r o t o r   i n s t a b i l i t y   c o u l d   n o t   b e   e x p e r i -  

m e n t a l l y   i n d u c e d   ( h e n c e ,   b o u n d a r i e s   o f   t h e   u n s t a b l e   r e g i o n   c o u l d   n o t   b e   m a p p e d ) ,  

a n d  (2)  r o t o r  r e s p o n s e   a m p l i t u d e s   d u e  t o  e l e c t r o m a g n e t i c   f o r c e s  were b e l o w   t h e  

n o i s e   l e v e l   o f   t h e   s i m u l a t o r   i n s t r u m e n t a t i o n   a n d   h e n c e   n o t   m e a s u r e a b l e .  

T h e   d y n a m i c   r e s p o n s e   o f   t h e  r o t o r  b e a r i n g   s y s t e m  t o  e l e c t r o m a g n e t i c   f o r c e s  was 

c a l c u l a t e d   f o r  two s e t s  of  c o n d i t i o n s .   T h e   f i r s t  o f  t h e s e   d e a l s   w i t h   t h e   t u r b o -  

a l t e r n a r o r   i n  a v e r t i c a l  p o s i t i o n   a n d   o p e r a t i n g   u n d e r   t h e   r o l l o w i n g   c o n d i t i o n ? :  

S p e e d  12,000 RPM 

B e a r i n g   e n v i r o n m e n t  A r g o n  

B e a r i n g   a m b i e n t   p r e s s u r e s  B e a r i n g  # l  - 10.5 PSIA 

B e a r i n g  1 2  - 1 2 . 5  PSIA 

B e a r i n g   t e m p e r a t u r e s  300 F 

V i s c o s i t y  4 . 2  X LO-’ l b .  s e c . / i n .  

B e a r i n g   d i a m e t r a l   c l e a r a n c e  a t  

z e r o   l o a d   ( b o t h   b e a r i n g s )  0.00175 i n c h e s  

2 
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T h e   r e s u l t s  o f  t h e   a b o v e   c a l c u l a t i o n s  a re  g i v e n   i n   T a b l e  V - 2 .  

T h e   s e c o n d  s e t  o f   c a l c u l a t i o n s  r e l a t e  t o  t h e   s i m u l a t o r   i n   b o t h   t h e  v e r t i c a l  a n d  

h o r i z o n t a l   p o s i t i o n s   a n d   o p e r a t i n g   u n d e r   t h e   E o l l o w i n g   c o n d i t i o n s :  

S p e e d  12,000 RPM 

B e a r i n g   e n v i r o n m e n t  A i r  

B e a r i n g   a m b i e n t   p r e s s u r e   B o t h   b e a r i n g s  10.5 PSIA 

B e a r i n g   t e m p e r a t u r e s  

V i s c o s i t y  

300 F 

3.6 X lo-' l b .   s e c . / i n .  2 

D e s i g n   v a l u e  of b e a r i n g   d i a m e t r a l  
c l e a r a n c e   f o r   b o t h   h o r i z o n t a l   a n d  
v e r t i c a l   o p e r a t i o n  1 .75  Mils 

I n c r e a s e d   v a l u e   o f   b e a r i n g   d i a m e t r a l  
c l e a r a n c e  €or  b o t h   h o r i z o n t a l   a n d  
v e r t i c a l  o p e r a t i o n  I 2 . 2 8  Mils 

\ T h e  r e s u l t s  o f  t h e   d y n a m i c   r e s p o n s e   c a l c u l a t i o n s   f o r   t h e   C o n d i t i o n s   i n v o l v e d   d u r -  

i n g   o p e r a t i o n  o f  t h e   s i m u l a t o r  a r e  g i v e n  i n  T a b l e  V I I - 8 .  

I t   s h o u l d   b e   n o t e d   t h a t   t h e   v a l u e s   o f   a m p l i t u d e   g i v e n   i n   T a b l e s  V - 2  a n d  VII-8 

a r e  p e a k  v a l u e s  a r r i v e d  a t  b y   s u m m a t i o n  of  t h e   i n d i v i d u a l   a m p l i t u d e s  a t  t h e  

v a r i o u s   h a r m o n i c s   i n v o l v e d .   F o r   e x a m p l e ,   i n   t h e  e l e c t r i c a l  cases numbered  1, 2 ,  

3 a n d  6, t h e   e l e c t r o m a g n e t i c   f o r c e   c o m p o n e n t s  a re  a l l  a t  t h e   f u n d a m e n t a l   f r e q u e n c y  

w h i c h  i s  twice s y n c h r o n o u s .   F r o m   T a b l e  V - 2  f o r   t h e   c o n d i t i o n   e n t i t l e d ,   " R o t o r  

E c c e n t r i c  b y  0.002 I n c h   i n   B o t h   P o l e   P l a n e s ,  p@ M e c h a n i c a l   U n b a l a n c e " ,   t h e   v i b r a -  

t i o n   o b s e r v e d  f o r  t h e s e  cases w o u l d   o n l y   o c c u r  a t  t h e   f u n d a m e n t a l   f r e q u e n c y   o f  

400 CPS, t h e r e   b e i n g  a c o m p l e t e   a b s e n c e   o f   v i b r a t i o n  a t  s y n c h r o n o u s   f r e q u e n c y  

d u e   t o   t h e   a b s e n c e   o f   m e c h a n i c a l   u n b a l a n c e .   T h e   r e m a i n i n g   e l e c t r i c a l  c a ses ,  4 ,  

5 a n d  7 ,  h o w e v e r ,  a l l  c o n t a i n   f o r c e   c o m p o n e n t s   w i t h   f r e q u e n c i e s   h i g h e r   t h a n   t h e  

f u n d a m e n t a l .   T h e   o b s e r v e d   v i b r a t i o n   i n   t h e s e  cases  w o u l d   c o n s i s t  of t h e   f u n d a -  

m e n t a l   f r e q u e n c y   w i t h   t h e   h i g h e r   h a r m o n i c s   b e i n g   s u p e r i m p o s e d .  When m e c h a n i c a l  

u n b a l a n c e  i s  i n t r o d u c e d   w i t h o u t   e l e c t r o m a g n e t i c   f o r c e s ,   t h e   v i b r a t i o n   o b s e r v e d  

w o u l d   b e   s y n c h r o n o u s .  

I 

I n   p r a c t i c e , o t h e r   f r e q u e n c i e s  a r e  a l s o  p r e s e n t ;   b l a d e   p a s s i n g   € r e q u e n c i e s   i n   t h e  

t u r b i n e ,  s t a t o r  s l o t t i n g   a n d   a m o r t i s s e u r   s l o t s   i n   t h e   a l t e r n a t o r , a n d   r e s i d u a l  
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u n b a l a n c e   i n   t h e  r o t o r .  I d e n t i f i c a t i o n   o f   s p e c i f i c   f r e q u e n c i e s  of v i b r a t i o n  

a b o v e   s y n c h r o n o u s  a t  t h e  small a m p l i t u d e s   i n v o l v e d  i s  f u r t h e r   c o m p l i c a t e d   b y   . t h e  

o u t - o f - r o u n d n e s s   o f   t h e   j o u r n a l s ’ ,   a n d   t h e  e l e c t r i c a l  n o i s e  l eve l  p r e s e n t   i n  

v a r i o u s   c h a n n e l s   o f   i n s t r u m e n t a t i o n   u s e d  t o  m o n i t o r   t h e   d y n a m i c   m o t i o n   o f   t h e  

r o t o r   a n d   b e a r i n g   p a d s .  

‘The e x p e r i m e n t a l   d a t a   g i v e n   i n   T a b l e  VII-9 was o b t a i n e d   d u r i n g   t h e  t e s t  w h i c h  was 

c o n d u c t e d   u n d e r   c o n d i t i o n s   r e l a t i n g   t o   t h o s e   f o r   w h i c h   t h e   l a r g e s t   a m p l i t u d e s  of  

v i b r a t i o n  were p r e d i c t e d   b y   c a l c u l a t i o n ,  i . e . ,  h o r i z o n t a l   r o t o r   e c c e n t r i c   b y  

0 .002 i n c h e s   i n   b o t h   p o l e   p l a n e s   w i t h  0.005 o u n c e - i n c h e s   o f   m e c h a n i c a l   u n b a l a n c e  

i n  t h e  p l a n e   o f   t h e   t u r b i n e   ( s e e   T a b l e   V I I - 8 ) .   F r o m   T a b l e  V I I - 9  i t  i s  s e e n  t 

d u r i n g   t e s t   t h e   v a l u e  o f  t h e   p a r a m e t e r s   c o n t r o l l i n g   b e a r i n g   p e r f o r m a n c e  were 

e x c e s s  of  t h e  v a l u e s  u s e d   f o r   c a l c u l a t i o n   p u r p o s e s .  T h e  d i a m e t r a l   b e a r i n g  

c l e a r a n c e  was g e n e r a l l y   l a r g e r   a n d   t h e   v i s c o s i t y  lower ( t h e  l a t t e r  b e i n g   d u e  

r e d u c e d   b e a r i n g   t e m p e r a t u r e ) .   T h i s   r e s u l t s   i n   r e d u c e d   b e a r i n g   s t i f f n e s s ,   f r i  

h a t  

i n  

t o  

c t  i o n  

l o s s  a n d   a l s o ,   ( b y   e x t r a p o l a t i o n   o f   t h e   d a t a   i n   T a b l e  VII-8) a r e d u c t i o n   i n   t h e  

a m p l i t u d e s  o f  r o t o r   v i b r a t i o n .   T h e   p a d   p i t c h   a m p l i t u d e s   w o u l d ,   h o w e v e r ,   b e  

e x p e c t e d  t o  i n c r e a s e .   T h e  r o t o r  e c c e n t r i c i t y  i n  t h e   p o l e   p l a n e s  was a l s o  i n  

e x c e s s  of  t h e  0.002 i n c h e s   u s e d   f o r   c a l c u l a t i o n   p u r p o s e s .   T h i s   w o u l d   r e s u l t   i n  

a n   i n c r e a s e   i n   t h e   d - c   c o m p o n e n t ,  F o ,  o f  t h e   e l e c t r o m a g n e t i c   f o r c e s   a n d  a n  

i n c r e a s e   i n   t h e   a m p l i t u d e   o f  rot‘or a n d   p a d   v i b r a t i o n .  No a t t e m p t  was m a d e   d u r i n g  

t h e   t e s t  o f  t h i s   c o n € i g u r a t i o n  t o  a c h i e v e  t.he p r e c i s e   p a r a m e t e r s   u s e d   i n   r e s p o n s e  

c a l c u l a t i o n s .   T h i s   c o u r s e  o f  a c t i o n  was b a s e d  on  c o n s i d e r a t i o n  of  t h e   f o l l o w i n g  

f a c t o r s :  

1) T h e   d e m o n s t r a t i o n  o f  s a t i s f a c t o r y   p e r f o r m a n c e  of t h e   r o t o r - b e a r i n g -  

a l t e r n a t o r   s y s t e m   w i t h i n   w i d e  l imi t s  of b e a r i n g   c l e a r a n c e   a n d   r o t o r  

e c c e n t r i c i t y  was c o n s i d e r e d  t o  b e   o f   p r i m a r y   i m p o r t a n c e .  

2 )  Data a c c u m u l a t e d   d u r i n g   p r e c e d i n g  t e s t s  i n d i c a t e d , t h a t   i d e n t i f i c a t i o n  

o f  t h e   f u n d a m e n t a l   f r e q u e n c y   a n d   t h e   h i g h e r   h a r m o n i c s   r e s u l t i n g   f r o m  

a l t e r n a t o r   e l e c t r o m a g n e t i c   f o r c e s   w o u l d   n o t   b e   p o s s i b l e .  
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B 
C o n d i t i o n  Case 

H o r i z o n t a l  2 
R o t o r   E c c e n t r i c  2 
by 0.002 In. 3 
Both   Pole  3 
P l a n e s ; 0 . 0 0 5  6 
02. I n .  ,Mech- 6 
a n i c a l   U n b a l -  
a n c e   i n  
T u r b i n e  

V e r t i c a l   R o t o r  2 
E c c e n t r i c  by 3 
0.002 In Both  6 
P o l e   P l a n e s ;  
0.005 Oz. In .  , 
Mechanica l  
U n b a l a n c e   i n  
T u r b i n e  

TABLE VII-8 

CALCULATED DYNAMIC RESPONSE OF SIMULATOR ROTOR-BEARING SYSTEM 
TO  ELECTROMAGNETIC  ALTERNATOR  FORCES 

Journa l   Brg .  
Diame t ra 1 
C l e a r a n c e  
(Mi 1 s )  

2.27 
1.75 
2.27 
1.75 
2.27 
1.75 

~~ ~~ I 
I 

2.27 
2.27 
2.  27 

Ampl i tude  o f  R o t o r   i n  
~~~ 

J o u r n a l   B e a r i n g s  
(Mi 

Thru.Brg.End 

18.89 
19.59 
17.18 
17.84 
13.45 
14.00 

3.96 
3.74 
3.35 

coinch) 
T u r b i n e  End 

53.0 
55.75 
50.45 
63.16 
43.7 
47.1 

24.87 
24.5 
23.73 

r P i t c h   A m p l i t u d e  o f  J o u r n a l   B e a r i n g   S h o e s  
~ ~~~~~ ~ 

Top  Shoe 

14.15 
20.33 
14-17 
19.8 
16.45 
20.17 

2.71 
2.94 
3. 75 

Bottom  Shoe 

27.92 
27.8 
25.07 
24.8 
16.94 
16.19 

5.75 
5.3 
3.8 

/ I n c h )  
Tu! 

Top  Shoe 1 

51.43 1 
42.75 
64.73 
41.99 
66.17 
42.4 

i 

24.84 
24.83 
25.36 

- 

b ine  End 
Bottom  Shoe 

76.41 
80.16 
71.98 
75.5 
59.47 
62.5 

27.82 
27.19 
25.48 

N o t e :   R e s p o n s e   a m p l i t u d e   v a l u e s   i n   t h e   a b o v e   t a b l e   a r e   s i n g l e   a m p l i t u d e   v a l u e s   m e a s u r e d   f r o m   t h e   s t a t i c  
e c c e n t r i c i t y   p o s i t i o n  of  t h e   r o t o r   r e s u l t i n g   f r o m   t h e   d - c   c o m p o n e n t ,   F o ,   o f   t h e   e l e c t r o m a g n e t i c   f o r c e s ,  
a n d   i n   t h e   c a s e  of h o r i z o n t a l   o p e r a t i o n ,   r o t o r   w e i g h t .  

Code:  Case 2: 15 KVA, 0.8 power f a c t o r   l a g g i n g ,   b a l a n c e d   l o a d ,   s a t u r a t e d  
Case 3: 11.25 KVA, 0.8 power f a c t o r   l a g g i n g ,   b a l a n c e d   l o a d  
Case 6: No l o a d   c o n d i t i o n ,   o p e r a t i n g   a t  120V L-N ba lanced  30, no a r m a t u r e   c u r r e n t  



TABLE V I I - 9  
l/ALL'ES OF I lEARING CLEARANCE,  TEMPEMTL'RE A X D  ROTOR ECCEXTRICITY OBTAINED DLRIh'G TEST WITH ROTOR 

HORl.ZOX'TAL A K D  FLECHAWKTCALLY L'SBALANCED Iirj THE P U K E  OF THE TUREINE WHEEL, (COSFIGCRATTON F )  

THRUST BEARING END OF RO 
I 1 T e s t   i A v e r a g e   D i a m e t r a l  E c c e n t r i c i t y  

! D a t a   C l e a r a n c e  O f  O f  A d j a c e n t  
i 

! 
j- 

Hear ing  So.  2 Pole   Face 
(Mils) ( M i  1 s )  

2 . 6 2  ( 2 .  2 7 )  2. 62 (2.0) 

2 . 7 9  (2. 2 7 )  2 .  70 (2. Oj 

2.65 ( 2 ,  2 7 )   2 .  5 7  (2.0) 

2.00  ( 1 . 7 5 )  3 . 4 4  (2.0) 

I .  7': (1 .  7 5 )  3 . 4 2  ( 2 . 0 )  

2 . 6 2  ( 2 .  2 7 )  7 . 7 9  (2.0) 
2 .  1 5  (1 .  7 5 )  3 . 4 8  ( 2 . 0 )  

2 . 6 5  ( 2 .  ' 7 )  2 , w  (2.0) 

TOR 

Average Temper- 
s t u r e  o r  2 of 
B e a r i n g  ? io .  2 
Pads   (Degrees  F )  

1 2 3  (300) 

1 2 1  (300) 

1 2 3  (3001 

126 (300) 

1 2 2  (300) 

119 (300) 

120 (300) 

113 (300) 

10 7 (300) 
I L 

K 
4- 

TURBINE END OF ROTOR 

i v e r a g e   D i a m e t r a l  
C l e a r a n c e  O f  
Bear ing  No. 1 

(Mi ls )  
- 

2.34  ( 2 .  2 7 )  

2.34 ( 2 .  2 7 )  

2.06 ( 2 . 2 7 )  

1 .94  ( 1 ,  75)  

1.85 (1.  7 5 )  

2.28 (2. 2 7 )  

2 .13  (1. 75)  

2.49 (2. 2 7 )  

1.88 ( 1 . 7 5 )  

I- 

t 
i I 

Case   o t lmbers   re fe r  t o  t h e   e l e c t r i c a l   c a s e s   g i v e n   i n   T a b l e s  V-2  and U I - 8 ,  

E c c e n t r i c i t y  
O f  A d j a c e n t  
Pole   Face  

(Hi 1 s)  

3 . 0 9  (2.0) 
3 . 1 5  ( 2 . 0 )  

2 . 9 8  ( 2 . O j  

3 . 9 4  (2.0) 
3.  98 ( 2 . 0 )  
2 .  7 1  ( 2 . 0 )  

3.99  ( 2 . 0 )  

2 . 7 3  (2.0) 
3 .75  ( 2 . 0 )  

Average  T e m p e r -  
a t u r e  o f  2 o f  
B e a r i n g  N o .  1 
P a d s  (Degrees  F)  

104 (300) 

104 ('300) 

115 (300) 

100  (300) 

116 (300)  

99 (300) 

88  f 300) 

98 (300) 

9 2  (300) 

1 



O s c i l l o s c o p e   p h o t o g r a p h s  of t h e   r o t o r - b e a r i n g   p e r f o r m a n c e   w e r e   t a k e n   d u r i n g   t h e  

t e s t  r e l a t e d  t o  t h e   c o n d i t i o n s   u s e d  i n  c a l c u l a t i n g   t h e   d y n a m i c   r e s p o n s e  shown f o r  - 
t h e   h o r i z o n t a l  r o t o r ,  e l e c t r i c a l  C a s e  2 i n  T a b l e  V I I - 8 .  T h e   a c t u a l   v a l u e s  of 

b e a r i n g  clearance,  t e m p e r a t u r e   a n d  r o t o r  e c c e n t r i c i t y   w h i c h   w e r e   p r e s e n t   d u r i n g  

t h i s  t e s t  are shown i n  T a b l e  V I I - 9 ,  i d e n t i f i e d   b y   T e s t   p o i n t  Number F18. 

F i g u r e  V I I - 5  s h o w s   t h e   p e r f o r m a n c e   o f  t h e  t u r b i n e   e n d   b e a r i n g   a n d   j o u r n a 1 , w h i l e  

F i g u r e  V I I - 7  s h o w s   t h e   p e r f o r m a n c e  of  t h e   t h r u s t   e n d   b e a r i n g   a n d   j o u r n a l .   B o t h  

f i g u r e s   b e i n g  of  t h e  1 2  KW p o w e r  l e v e l  c o n d i t i o n .   F o r   p u r p o s e s  of  c o m p a r i s o n  

F i g u r e s  V I I - 6  a n d  V I I - 8  s h o w   t h e   p e r f o r m a n c e  o f '  t h e   t u r b i n e   a n d   t h r u s t   e n d   j o u r n a l  

b e a r i n g s   r e s p e c t i v e l y   w h e n   o p e r a t i n g   u n d e r  s imilar c o n d i t i o n s , b u t   w i t h o u t  a l t e r -  

n a t o r   e x c i t a t i o n   a n d , , h e n c e ,   n o  e l e c t r i c a l  l o a d .  Two p o i n t s   s h o u l d   b e   c o n s i d e r e d  

w h e n   e x a m i n i n g   t h e s e   f i g u r e s :  

1) T h e   d i m e n s i o n s   g i v e n   o n   t h e   p h o t o g r a p h s  of pa,d f i l m   t h i c k n e s s  a re  

n o m i n a l   v a l u e s   o n l y .   T h e   s e n s i t i v i t y   v a l u e s   q u o t e d   o n   t h e   f i g u r e s  

s h o u l d   b e   u s e d  t o  d e t e r m i n e   a c c u r a t e   v a l u e s   o f   d y n a m i c   m o t i o n .  

2) T h e   i n c l i n e d   s q u a r e   o n   t h e   p h o t o g r a p h s   o f   j o u r n a l   m o t i o n   r e p r e s e n t s   t h e  

s e t - u p   c l e a r a n c e   o f   t h e   b e a r i n g  a t  r o o m   t e m p e r a t u r e   a n d   z e r o   s p e e d .   T h e  

p o s i t i o n   o f   t h e   s h a f t   o r b i t   s i g n a l  a t  t h e   c o n d i t i o n s   o f   s p e e d   a n d  

t e m p e r a t u r e   i n v o l v e d   c a n n o t   b e   d i r e c t l y   r e l a t e d  t o  t h i s   c l e a r a n c e   p r o -  

f i l e .  

F i g u r e s  V I I - 5  (A) a n d  V I I - 6  (A)  s h o w   t h e   t u r b i n e   b e a r i n g   f i l m   t h i c k n e s s   b e t w e e n  

o n e   l o a d e d   p a d , a n d   t h e   o p p o s i n g   u n l o a d e d   p a d , a n d   t h e   j o u r n a l   f o r  1 2  KW a n d   z e r o  

e x c i t a t i o n   c o n d i t i o n s  o f  o p e r a t i o n   r e s p e c t i v e l y .   F i g u r e s  V I I - 5  (C) a n d  V I I - 6  

(C) s h o w   t h e   t u r b i n e   b e a r i n g   f i l m   t h i c k n e s s   f o r   t h e   o t h e r   l o a d e d   p a d , a n d   t h e  

o p p o s i n g   u n l o a d e d   p a d , f o r   t h e  same e l e c t r i c a l  c o n d i t i o n s   o f   o p e r a t i o n .   F i g u r e s  

V I I - 5 ( B )  and V I I - 6 ( B )  show b o t h  the o r b i t  a n d  t he  d y n a m i c  content of t h e  turbine 

b e a r i n g   j o u r n a l   m o t i o n   f o r  1 2  KW a n d   z e r o   e x c i t a t i o n   c o n d i t i o n s   o f   o p e r a t i o n .  

It  s h o u l d   b e   n o t e d   t h a t   i n   t h e s e   f i g u r e s   t h e   f r e q u e n c y  i s  b a s i c a l l y   s y n c h r o n o u s .  

T h e r e  i s  n o   e v i d e n c e   i n   t h e s e  t r aces  o f   h i g h e r   h a r m o n i c s   d u e   t o   e l e c t r o m a g n e t i c  

f o r c e s .   T h e   a m p l i t u d e  of  s y n c h r o n o u s   p a d   v i b r a t i o n   i n   t h e   t u r b i n e   e n d   b e a r i n g  

i s  s e e n  t o  b e   g r e a t e r   f o r   t h e   z e r o   e x c i t a t i o n   c o n d i t i o n   ( F i g u r e  V I I - 6 )  t h a n   f o r  
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t h e  1 2  KW c o n d i t i o n   ( F i g u r e  VI I -5 ) .  T h i s  i s  d u e  t o  t h e   i n c r e a s e d   f i l m   t h i c k n e s s  

i n v o l v e d   d u r i n g   t h e  ze ro  e x c i t a t i o n  t e s t  p o i n t   ( F 1 5 )   w h e r e   t h e   t u r b i n e   e n d   b e a r i n g  

d i a m e t r a l   c l e a r a n c e  was i n c r e a s e d  t o  a maximum ( b y   i n c r e a s i n g   t h e   b e a r i n g   s u p p o r t  

t e m p e r a t u r e )  t o  d e t e r m i n e   t h e   p o i n t  a t  w h i c h   p a d   f l u t t e r   w o u l d   o c c u r .   F i g u r e s  

VII-7 a n d  V I I - 8  s h o w   t h e   p e r f o r m a n c e  of t h e   t h r u s t . e n d   j o u r n a l   b e a r i n g   d u r i n g  

t h e  same two t e s t s .  I n   F i g u r e  VII -8  (B) ( z e r o   e x c i t a t i o n   c o n d i t i o n )   t h e   t h r u s t -  

e n d   j o u r n a l   b e a r i n g   d i a m e t r a l   c l e a r a n c e  was n o t   a d j u s t e d   d u r i n g   t h e  t e s t  t o  

d e t e r m i n e   t h e   o n s e t  of f l u t t e r , a n d  i t  c a n   b e   s e e n   t h a t   t h e   j o u r n a l   a m p l i t u d e s  

a r e  e s s e n t i a l l y   t h e  same as  t h o s e   o b s e r v e d  a t  t h e  1 2  KW p o i n t   s h o w n   i n   F i g u r e  

V I I - 7  ( B ) .  I n   F i g u r e s  V I I - 7  (A a n d  C) a n d  VII -8  (A a n d  C) ,a  s l i g h t   i n c r e a s e   i n  

t h e   p a d   a m p l i t u d e  o f  v i b r a t i o n   c a n   b e   d i s c e r n e d  a t  t h e  1 2  KW p o i n t .   T h e   e x t e n t  

o f  t h i s   i n c r e a s e  i s  a p p r o x i m a t e l y  25 m i c r o i n c h e s   p e a k - t o - p e a k .  

T h e   e x p e r i m e n t a l   d a t a   c o n t a i n e d   i n   F i g u r e s  VI I -5  t o  VII-8 i n c l u s i v e   a n d  a l s o  

T a b l e  V I I - 9  r e l a t e  t o   t h e   c a l c u l a t e d   d a t a   c o n t a i n e d   i n   T a b l e  VII-8.  T h i s   d a t a  

i s  b a s e d   o n   o p e r a t i o n  a t  a n   a m b i e n t   p r e s s u r e   i n   t h e   b e a r i n g  c a v i t i e s  o f  10.5 

PSIA a n d  a t  c o n d i t i o n s   i n v o l v i n g   t h e   i n c r e a s e d   v a l u e  of  b e a r i n g   d i a m e t r a l   c l e a r -  

a n c e .  

F u r t h e r   o s c i l l o s c o p e   p h o t o g r a p h s  were t a k e n  of  t h e   b e a r i n g   p e r f o r m a n c e   d u r i n g  

t h e  t e s t s  o f  C o n f i g u r a t i o n  F whic'h a r e  r e t a i n e d   o n  f i l e  a n d  n o t  p r e s e n t e d   i n  

t h i s   r e p o r t .   T h e   d a t a   p o i n t s  a t  w h i c h   t h e s e   p h o t o g r a p h s  were t a k e n  a r e  a s  f o l l o w s :  

O s c i l l o s c o p e  
P h o t o g r a p h  

Number 

7 t o  1 2  i n c .  
13 t o  18 i n c .  
2 1  t o  26 i n c :  
27 t o  3 2  i n c .  
33 t o  38 i n c .  
3 9  t o  44 i n c .  
4 5  t o  50 i n c .  
5 1  t o  56 i n c .  
5 7  t o  62 i n c .  
6 3  t o  68 i n c .  
6 9  t o  7 4  i n c .  
75 t o  81 i n c .  

8 2  
83 

C o n f i g u r a t i o n  F 
T e s t  Data P o i n t  

Number 

14 
15 
13 
1 6  
2 1  
22 
2 3  
2 4  
2 7  
2 8  
18 
1 9  
31 
35 

J o u r n a l  
B e a r i n g   A m b i e n t  
P r e s s u r e  PSIA 

10.5 
10.5 
10.5 
10.5 

7.2 
7 . 2  
7 . 2  
7 . 2  

10.5 
7 . 2  

1 0 . 5  
7 . 2  

1 0 . 5  
1 0 . 5  
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O s c i l l o s c o p e   p h o t o g r a p h s  were a l s o  t a k e n   o f   b e a r i n g   p e r f o r m a n c e   d u r i n g   t h e  t e s t -  

i n g  of  C o n f i g u r a t i o n  A .  (Vert ical  o p e r a t i o n ,   r e s i d u a l   m e c h a n i c a l   u n b a l a n c e   a n d  

r o t o r  c o n c e n t r i c   w i t h  s t a t o r ) .  T h e s e   p h o t o g r a p h s ,   w h i c h  a r e  a l s o  r e t a i n e d   o n  

f i l e   a n d   n o t   p r e s e n t e d   h e r e ,  a r e  i d e n t i f i e d  as  fo l lows .  

O s c i l l o s c o p e  
P h o t o g r a p h  

Number 

84 t o  8 9   i n c l u s i v e  
9 0   t o   9 5   i n c l u s i v e  
9 6  t o  101 i n c l u s i v e  

1 0 2  t o  107 i n c l u s i v e  
108 t o  113 i n c l u s i v e  
114 t o  1 1 9   i n c l u s i v e  
1 2 0  t o  1 2 5   i n c l u s i v e  
i 2 6  t o  131 i n c i u s i v e  
1 3 2   t o  137 i n c l u s i v e  
138  t o  143 i n c l u s i v e  
144 t o   1 4 9   i n c l u s i v e  
150 t o  1 5 6   i n c l u s i v e  

1 5  7 
1 5 8  

C o n f i g u r a t i o n  A 
T e s t  Data P o i n t  

Number 

J o u r n a l  B e a r i n g  
A m b i e n t  P r e s s u r e  

PSIA 

13 
14 
15 
16  
18 
1 9  
2 1  
2 2  
2 3  
24 
28 
2 7  
3 1  
72 

10.5 
10.5 
10.5 
10.5 
10.5 

7 . 2  
7 . 2  
1 . 2  
7 . 2  
7 . 2  
7 . 2  

1 0 . 5  
10.5 

7 . 2  

A l l  o f   t h e   a b o v e   r e f e r e n c e d   o s c i l l o s c o p e   p h o t o g r a p h s   ( C o n K i g u r a t i o n s  A a n d  F)  

a r e  f o r   c o n d i t i o n s   i n v o l v i n g   t h e   i n c r e a s e d   v a l u e  o f  b e a r i n g   d i a m e t r a l   c l e a r a n c e s  

(2 .28 mils). 

E x a m i n a t i o n  o f  t h e  p h o t o g r a p h s   o f   C o n f i g u r a t i o n  A b e a r i n g   p e r f o r m a n c e   s h o w e d  

t h a t  t h e  d y n a m i c   p c r f o r m a n c e  was a l m o s t   i d e n t i c a l   t o   t h a t   o b s e r v e d   d u r i n g   C o n f i g -  

u r a t i o n  F t e s t i n g ,  i . e . ,  t h e   v i b r a t i o n  was s y n c h r o n o u s   w i t h   n o   e v i d e n c e  o f  t h e  

h i g h e r   h a r m o n i c s .   T h e   b e a r i n g   p a d   f i l m   t h i c k n e s s e s   f o r   l o a d e d   a n d   u n l o a d e d   p a d s  

were a p p r o x i m a t e l y   e q u a l   d u r i n g   t h e   t e s t i n g  o f  C o n f i g u r a t i o n  A ,  ( T h e   r o t o r   b e i n g  

c o n c e n t r i c ,   v e r t i c a l   a n d ,   t h e r e f o r e ,   t h e   p a d s   e q u a l l y   l o a d e d ) .  A l o w   f r e q u e n c y  

v i b r a t i o n   o f   a p p r o x i m a t e l y  50 CPS was d e t e c t e d   i n   t h e   d y n a m i c   m o t i o n   o f   b o t h  

t h e   j o u r n a l   a n d   t h e   p a d s  o f  t h e   t u r b i n e   e n d   b e a r i n g .   T h i s   v i b r a t i o n   w h i c h  was 

oE small  a m p l i t u d e ,   2 0 0 - 3 0 0   m i c r o i n c h e s   p e a k - t o - p e a k ,   c e a s e d   w h e n   t h e   v a c u u m  

pump ( u s e d   t o   r e d u c e   b e a r i n g   a m b i e n t   p r e s s u r e )  was s t o p p e d .   T h i s   v i b r a t i o n  was 

n o t   n o t e d   i n   t h e   p e r f o r m a n c e  o f  t h e   t h r u s t   e n d   j o u r n a l   b e a r i n g .   V i b r a t i o n  of  

t h e  same f r e q u e n c y   a n d   a m p l i t u d e  was n o t e d   i n   t h e   t h r u s t   b e a r i n g   p e r f o r m a n c e  
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under   t he  same c o n d i t i o n s   o f   o p e r a t i o n .   T h i s   v i b r a t i o n   a l s o   c e a s e d  on s topp ing  

t h e  vacuum pump. 

The  osci l loscope  photographs so f a r   p r e s e n t e d , o r   r e f e r r e d   t o , w e r e   t a k e n   d u r i n g  

the   cour se   o f   t he  test  program.  Osci l loscope  phorographs  of   the  bear ing  per-  

fo rmance   du r ing   sho r t   c i r cu i t   cond i t ions  were n o t   p o s s i b l e  a t  t h i s  time due t o  

t h e   s h o r t   d u r a t i o n  of these condi t ions .   Dur ing  t h e  cour se  of t h e   t e s t , t h e   d a t a  

from ce r t a in   channe l s   o f   i n s t rumen ta t ion  were recorded on magnet ic   t ape   for   each  

of t h e  216 tes t  p o i n t s ,  t h e  d u r a t i o n   o f   t h e s e   r e c o r d i n g s   b e i n g   i n   t h e   o r d e r   o f  

30 seconds   for   each   da ta   po in t .   P layback   of  these t ape   r eco rd ings  a t  the  con- 

c l u s i o n s  of t h e  t es t  program  permitted t h e  t a k i n g  o f  f u r t h e r   o s c i l l o s c o p e   p h o t o -  

graphs  of  bearing  performance a t   c o n d i t i o n s  of p a r t i c u l a r  i n t e re s t .  
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UNLOADED  PAD  FILM THICKNESS 
SENSITIVITY 0,298 MILS/MAJOR  DIVISION 

LOADED  PAD  FILM THICKNESS 
SENSITIVITY 0,304 MILS/MAJOR DIVISION 

JOURNAL MOTION,  HORIZONTAL  PROBE 
SENSITIVITY 0.665 MILS/MAJOR  DIVISION 

\ JOURNAL MOT I ON, VERT I CAL PROBE 
SENSITIVITY 0.640 MILS/MAJOR  DIVISION 

UNLOADED PAD  FILM  THICKNESS 
SENSITIVITY 0,315 MILSIMAJOR 

LOADED  PAD  FILM THICKNESS 
SENSITIVITY 0,321 MILS/MAJOR 

I TIME  BASE - ALL  TRACES 5 x 10-3 SECS/MAJOR DIVISION I 

DIVISION 

DIVISION 

Fig. VII-5 Oscilloscope Photographs of  the Turbine End Journal 
Bearing Performance at  12,000 RPM, 10.5 PSIA 
Ambient Pressure  (Air) and a 12 KW, 0 .8  PF 
Electrical Load (Rotor Horizontal and Eccentric- 
Test Point No. F 18) 



JOURNAL  MOTION,  HORIZONTAL  PROBE 
SENSITIVITY 0,665 MILS/MAJOR D I V I S I C  

JOURNAL  ORBIT 

JOURNAL  MOTION,  VERTICAL  PROBE 
SENSITIVITY 0,640 MILS/MAJOR  DIVISIC 

IN\ 

UNLOADED  PAD  FILM THICKNESS 
'SENSITIVITY 0,315 MILSIMAJOR 

LOADED  PAD  FILM THICKNESS 
-SENSITIVITY 0,321 MILS/MAJOR 

DIVISION 

DIVISION 

I TIME BASE - ALL TRACES 5 x lom3 SECS/MAJOR  DIVISION I 
Fig. VII-6 Oscilloscope Photographs of the Turbine End 

Journal Bearing Performance at 12,000 RPM,  
10.5 PSIA Ambient Pressure (Air)  and Zero 
Alternator Excitation. (Rotor Horizontal 
and Eccentric - Test Point N.o. F 15) 
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JOURNAL MOTION, HORIZONTAL PROBE 
SENSITIVITY 0,45 MILS/MAJOR  DIVISION 

JOURNAL ORBIT 

JOURNAL MOTION, VERTICAL PROBE 
SENSITIVITY 0,47 MILS/MAJOR  DIVISION 

UNLOADED PAD  FIM  THICKNESS 
SENSITIVITY- 0,287 MILS/MAJOR  DIVISION 

LOADED PAD FILM THICKNESS 
SENSITIVITY 0,31 MILS/MAJOR.DIVISION 

I TIME BASE - ALL TRACES 5 x SECSIMAJOR DIVISION I 

Fig.  VII-7 Oscilloscope Photographs of the Thrust End 
Journal Bearing Performance at 12,000 R P M  
10.5 PSIA Ambient Pressure (Air) and a 12 KW, 
0.8 PF Electrical Load.  (Rotor Horizontal 
and Eccentric - Test Point No. F 18) 
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JOURNAL MOTION, HORIZONTAL  PROBE 
SENSITIVITY 0,45 MILSIMAJOR DIVISI 

JOURNAL ORBIT 

UNLOADED PAD FIW THICKNESS 
.SENSITIVITY 0.295 MILS/MAJOR 

LOADED  PAD FIIA THICKNESS 
-SENSITIVITY 0,300 MILS/MAJOR 

DIVISION 

DIVISION 

ON\ 

JOURNAL MOTION, VERTICAL  PROBE 
SENSITIVITY 0,47 MILS/MAJOR DIVISI ION 

UNLOADED PAD FILM  THICKNESS 
-SENSITIVITY 0.287 MILS/MAJOR DIVISION 

LOADED  PAD FILM THICKNESS 
-SENSITIVITY 0;31 MI.LS/MAJOR DIVISION 

TIME  BASE - ALL TRACES 5 x 10-3 SECS/MAJOR DIVISION 

Fig.  VII-8 Oscilloscope  Photographs of the  Thrust End 
Journal  Bearing  Performance a t   1 2 , 0 0 0  EWM, 
1 0 . 5  PSIA Ambient Pressure  (Air) and Zero 
Alternator   Exci tat ion.  (Rotor. Horizontal 
and Eccentric - Test Point No. F 15) 



O s c i l l o s c o p e   p h o t o g r a p h s   o f   t h e   t u r b i n e   b e a r i n g   p e r f o r m a n c e ,   t a k e n   f r o m  a p l a y -  

b a c k  o f  t h e   m a g n e t i c   t a p e   r e c o r d i n g   m a d e   d u r i n g  t e s t  o f   t h e   s i m u l a t o r , w i t h   t h e  

r o t o r  v e r t i c a l ,  e c c e n t r i c ,   a n d   w i t h   r e s i d u a l   m e c h a n i c a l   u n b a l a n c e ,   ( C o n f i g u r a -  

t i o n  D) are shown i n   F i g u r e s  V I I - 9  a n d  V I I - 1 0 .  F i g u r e  V I I - 9  s h o w s   t h e   e f f e c t   o n  

t h e   j o u r n a l   a n d   o n   t h e   p i v o t e d - p a d   f i l m   t h i c k n e s s ,   o f   a p p l y i n g   a l t e r n a t o r   f i e l d  

e x c i t a t i o n  a t  n o - l o a d   c o n d i t i o n s   o f   o p e r a t i o n .   F i g u r e  V I I - 1 0  s h o w s   t h e   e f f e c t  

o f   i m p o s i n g   b o t h   s i n g l e - p h a s e   a n d   3 - p h a s e   s h o r t   c i r c u i t s   o n   t h e   a l t e r n a t o r   w h e n  

o p e r a t i n g  a t  a 1 2  KW b a l a n c e d - l o a d   c o n d i t i o n .  

T h e   u p p e r  t races  on t h e   p h o t o g r a p h s   i n   F i g u r e s  V I I - 9  a n d  V I I - 1 0  i n d i c a t e   t h a t  

j o u r n a l   v i b r a t i o n  i s  l a r g e l y   s y n c h r o n o u s   a n d   t h a t   t h e   a m p l i t u d e  i s  v i r t u a l l y  

u n a f f e c t e d   b y   t h e   v a r i o u s   c o n d i t i o n s   o f  a l t e r n a t o r  e l e c t r i c a l  l o a d   a n d   s h o r t  

c i r c u i t .   T h e   c a u s e  o f  t h i s   s y n c h r o n o u s   v i b r a t i o n ,   t h e   p e a k - t o - p e a k   a m p l i t u d e  

o f   w h i c h  i s  a p p r o x i m a t e l y  0 .19  mils ,  is a t t r i b u t e d   p r i m a r i l y  t o  r e s i d u a l   u n b a l a n c e ,  

a n d ,  t o  a l esser  e x t e n t ,   t o   o u t - o f - r o u n d n e s s  o f  t h e   j o u r n a l .   T h e r e  i s  n o   e v i d e n c e  

i n   t h e s e  t r aces  o f   a n y   t w o - p e r - r e v  o r  h i g h e r   h a r m o n i c   r e s p o n s e   d u e   t o  e l e c t r o -  

m a g n e t i c   f o r c e s .  It s h o u l d  b e  n o t e d ,   h o w e v e r ,   t h a t   t h e   p r e d i c t e d   a m p l i t u d e  o f  

j o u r n a l   v i b r a t i o n  a t  t h e   h i g h e r   h a r m o n i c s  was, a s  s h o w n   i n   T a b l e  V - 2 ,  i n   t h e  

o r d e r  of a f e w   m i c r o i n c h e s   w i t h   t h e   r o t o r  v e r t i c a l  a n d   m e c h a n i c a l l y   b a l a n c e d .  

U n d e r   s u c h  small a m p l i t u d e   c o n d i t i o n s ,   t h e   a s s o c i a t e d   i n s t r u m e n t a t i o n   s i g n a l s   w o u l d  

b e   m a s k e d   b y   t h e   r e s i d u a l  e l e c t r i c 2 1  n o i s e  l eve l  w h i c h  was p r e s e n t   o n  a l l  c h a n n e l s  

o f   i n s t r u m e n t a t i o n .  

T h e  lower t r a c e s  o n   t h e   p h o t o g r a p h s   i n   F i g u r e s  V I I - 9  a n d  V I I - 1 0  s h o w   t h e   f i l m  

t h i c k n e s s   o f   o n e  o f  t h e   l o w e r   b e a r i n g   p a d s   a n d   i n d i c a t e   a n   i n c r e a s e   i n   d y n a m i c  

f i l m   v a r i a t i o n  when a n  e l e c t r i c a l  l o a d  i s  a p p l i e d .   T h e   l a r g e s t   p e a k - t o - p e a k  

v a r i a t i o n   i n   t h e   p a d   f i l m   t h i c k n e s s ,   a p p r o x i m a t e l y  0 .26  mi l s ,  o c c u r r e d   d u r i n g  

t h e   s i n g l e - p h a s e   s h o r t ,  a s  s h o w n   o n   F i g u r e  V I I - 1 0  ( B ) .  A s  n o t e d   a b o v e ,   t h e  

a m p l i t u d e   o f   j o u r n a l   v i b r a t i o n  was e s s e n t i a l l y   u n a f f e c t e d   b y   t h e  e l e c t r i c a l  

c o n d i t i o n s  of a l t e r n a t o r   o p e r a t i o n .   C o n s e q u e n t l y ,   t h e   a p p a r e n t   i n c r e a s e   i n  

d y n a m i c   v a r i a t i o n   o f   f i l m   t h i c k n e s s   m u s t   h a v e   b e e n   d u e  t o  v i b r a t i o n   o f   t h e   p a d -  

f l e x u r e   a s s e m b l y  r e l a t i v e  t o  t h e   j o u r n a l .  

T h e  h i g h - f r e q u e n c y   c o n t e n t   o f   t h e  lower ( f i l m   t h i c k n e s s )   t r a c e s   s e e n   i n   F i g u r e s  

V I I - 9  a n d  V I I - 1 0  i s  a t t r i b u t e d  t o  e l e c t r i c a l   n o i s e   i n   t h e   p a r t i c u l a r   c h a n n e l   o f  
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JOURNAL  ORBIT 
No ALTERNATOR  FIELD EXCITATION-\ 

DISPLACEMENT OF JOURNAL DUE TO 
ALTERNATOR FIELD  EXCITATION, No LOAD- 

JOURNAL  ORB IT 

ALTERNATOR FIELD  EXCITED, No LOAD 

JOURNAL MOTION, VERTICAL  PROBE 
/ ALTERNATOR FIELD EXCITED, No LOAD 

- PAD FILM  THICKNESS 0 , 9  MILS, 
ALTERNATOR FIELD EXCITED. Po LOAD 

'T 
(C 1 

SENSITIVITY - JOURNAL  TRACES AND ORBITS 0,38 x INCHES/MAJOR DIVISION 
SENSITIVITY - PAD TRACES 0.36 x INCHES/MAJOR DIVISION 
TIME BASE - ALL TRACES 5 x SECS/MAJOR DIVISION 

Fig.  VII-9 Osc i l lo scope   Pho tographs  of the   Turb ine  End 
Journal  Bearing  PerEormance a t  12,000 RF" 
and  7.2 PSIA Ambient   Pressure ( A i r ) .  (Rotor 
Vertical and   Eccen t r i c  by 0.002-0.003  inches- 
Test P o i n t  No's. D22 and D23) 
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JOURNAL MOTION, VERTICAL  PROBE 
12 K\? - 3 PHASE - 0,8 PF 

PAD FILM THICKNESS 0.6 MILS 
12 KW - 3 PHASE - 0,8 PF 

JOURNAL MOTION, VERTICAL PROBE 1 

SENSITIVITY - JOURNAL  TRACES AND ORBITS 0.38 x INCHES/MAJOR DIVISION 
SENSITIVITY - PAD TRACES 0,180 x INCHES/MAJOR DIVISION 
TIME BASE - ALL TRACES 5 x SECS/~AJOR DIVISION 

Fig. VII-10 Oscilloscope Photographs of the Turbine End Journal 
Beari'ng Performance at  12,000 RPM and 72 PSIA Ambient 
Pressure  (Air) (Rotor Vertical and Ecc'entric by 0.002 - 
0.003 Inches - Test-Point No's D32 and D36) 



SENSITIVITY - JOURNAL TRACES AND  ORBITS 0,38 X 10 INCHES/MAJOR DIVISION -3 

SENSITIVITY - PAD TRACES 0.180 x INCHES/MAJOR DIVISION 
,TIME BASE - ALL TRACES 5 X SECS/MAJOR DIVISION 

Fig.  VII-11 Osci l loscope   Photographs  of the   Turb ine  End J o u r n a l  
Bearing  Performance a t  12,000 R P M  and 7 .2  PSIA Ambient 
Pressure   (Ai r )   (Rotor   Hor izonta l   and   Eccent r ic  by 
0.003-0.004 Inches  - Test P o i n t  No's F10 and  F11) 
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(C> 
" 

SENSITIVITY - JOURNAL TRACES AND ORBITS 0.38 x INCHES/MAJOR D I V I S I ~  
SENSITIVITY - PAD TRACES 0.18 x INCHES/MAJOR DIVISION 
TIME BASE - ALL TRACES 5 x SECS/MAJOR DIVISION A 

Fig. VII-12 Oscilloscope  Photographs of the  Turbine End Journal 
Bearing Performance at 12,000 RPM and 7.2 PSIA Ambient 
Pressure (Air) (Rotor Horizontal and Eccentric by 
0.003-0.004 Inches - Test Point No. F34) 
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JOURNAL ORBIT DURING LABYRINTH RUB 
AND 3 PHASE SHORT CIRCUIT 

JOURNAL MOTION DURING LABYRINTH RUB 
AND 3 PHASE SHORT CIRCUIT 

VERTICAL PROBE 

PAD F I W  THICKNESS 0,33 MILS 
RURING LABYRINTH RUB AND 3 PHASE 
SHORT CIRCUIT 

(C) 

SENSITIVITY - JOURNAL TRACES AND ORBITS - 0.38 X INCHES/!AJOR DIVISION 
SENSITIVITY - PAD TRACES 0,18 X icr" INCHES/MAJOR DIVISION 
TIME BASE - ALL TRACES 5 x SECS/NAJOR DIVISION 

Fig. VII-13 Oscilloscope Photographs  of  the  Turbine End Journal 
Bearing Performance at 12,000 RF" and 7.2 PSIA Ambient 
Pressure (Air) (Rotor Horizontal and Eccentric by 
0.003-0.004 Inches - Test Point No. F29) 
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A d d i t i o n a l   T e s t   P r o g r a m  

I n  a d d i t i o n  t o  p e r f o r m i n g   t h e  te.sts p r e s c r i b e d   i n   t h e  t e s t  p l a n ,   s i x   a d d i t i o n a l  

t e s t s  were p e r f o r m e d .   T h e   p u r p o s e  of t h e s e  t e s t s  is d e f i n e d  a s  f o l l o w s :  

T e s t  1: 

T e s t  2: 

T e s t  3 :  

T e s t  4 :  

T e s t  5 :  

T e s t  6:  

O b s e r v e   t h e   e f f e c t s  of  i n c r e a s i n g   t h e   j o u r n a l   b e a r i n g   c l e a r a n c e ,  

a n d   e s t a b l i s h   v a l u e s  of maximum d i a m e t r a l   c l e a r a n c e   w h i c h   w o u l d  

p e r m i t  safe o p e r a t i o n   w i t h   t h e   s i m u l a t o r   i n  a h o r i z o n t a l   p o s i t i o n .  

R e p e a t   t h e   a b o v e  t e s t s  w i t h   t h e   s i m u l a t o r   i n  a v e r t i c a l  p o s i t i o n .  

O b s e r v e   t h e   p e r f o r m a n c e   w i t h   t h e   s i m u l a t o r   i n c l i n e d  a t  45 

O b s e r v e   t h e   j o u r n a l   o r b i t s   d u r i n g   c o a s t d o w n   o f   t h e   s i m u l a t o r  

f r o m   t h e   o v e r s p e e d   c o n d i t i o n  of 1 4 , 4 0 0  RPM t o  5,000 RPM w i t h   a n d  

w i t h o u t   a l t e r n a t o r   e x c i t a t i o n   t o   d e m o n s t r a t e   b o t h   t h e   s t a n d a r d  

o f   b a l a n c e   a t t a i n e d   a n d   t h e   e x t e n t  of  a n y   d i s c r e p a n c y   b e t w e e n  

g e o m e t r i c   a n d   m a g n e t i c   c o n c e n t r i c i t y .  

D e t e r m i n e   t h e   e x t e n t   o f   t h e   b a c k   I c a k a g e   t h r o l l g h   t h e   j o u r n a l   b e a r -  

i n g   j a c k i n g   s u p p l y   s y s t e m   w i t h   t h e   s i m r l l a t o r   r u n n i n g   i n  a v e r t i c a l  

p o s i t i o n .  

O b s e r v e   t h e   p e r f o r m a n c e   w i t h   t h e   s i m u l a t o r   v e r t i c a l   a n d   t h e   r o t o r  

e c c e n t r i c   a n d   m i s a l i g n e d ,   i . e . ,   e c c e n t r i c i t y   i n   t h e   p o l e   p l a n e  

a d j a c e n t   t o   t h e   t u r b i n e   i n  a d i r e c t i o n   t o w a r d   t h e   l o a d e d   p a d s  

a n d   e c c e n t r i c i t y   i n   t h e   p o l e   p l a n e   a d j a c e n t   t o   t h e   t h r u s t   e n d   i n  

a d i r e c t i o n   t o w a r d   t h e   u n l o a d e d   p a d s .  

0 

T h e   a d d i t i o n a l   T e s t  Number 1 was c o n d u c t e d  as  a n   e x t e n s i o n  of  t h e   t e s t  of  Can- 

f i g u r a t i o n  F a t  Data  P o i n t s  14 a n d  15 ( w i t h   a n d   w i t h o u t   a l t e r n a t o r   e x c i t a t i o n ) .  

T o   a c h i e v e   t h e   r e q u i r e d   c o n d i t i o n s , t h e   t e m p e r a t u r e  of  t h e   t u r b i n e   e n d   j o u r n a l  

b e a r i n g   s u p p o r t  was i n c r e a s e d ,   t h e r e b y   i n c r e a s i n g   t h e   b e a r i n g   d i a m e t r a l   c l e a r a n c e .  

T h e   c l e a r a n c e  of t h e   t h r u s t   e n d   j o u r n a l   b e a r i n g  was n o t   i n c r e a s e d   d u r i n g   t h i s  

t e s t .  

F i g u r e  VII-14, p h o t o g r a p h s  (A) t h r o u g h  (DX s h o w   t h e   p e r f o r m a n c e  o f  t h e   t u r b i n e  

e n d   j o u r n a l   b e a r i n g  a t  t h e   t h r e s h o l d   a n d   d u r i n g   i n s t a b i l i t y   o f   o n e  o f  t h e  
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u n l o a d e d   b e a r i n g   p a d s .   F i g .  VII-14 (A) s h o w s   t h e   f i l m   t h i c k n e s s e s  of  o n e   l o a d e d  

a n d   o n e   u n l o a d e d   p a d   i m m e d i a t e l y   p r i o r  t o  t h e   o n s e t   o f   i n s t a b i l i t y .   F i g u r e  VII- 

14 (B) s h o w s   t h e   f o r m  o f  t h e   i n s t a b i l i t y   a n d ,   i n   p a r t i c u l a r ,   t h a t   a d e q u a t e   f i l m  

t h i c k n e s s   e x i s t e d   d u r i n g   t h i s   p h e n o m e n a   w h i c h   h a s  a f r e q u e n c y   o f  40 CPS. It  i s  

shown i n   F i g u r e  VII-14 (C) t h a t   t h e   j o u r n a l   m o t i o n  was u n a f f e c t e d   b y   i n s t a b i l i t y  

o f   t h e   u n l o a d e d   p a d .   T h e   p e r f o r m a n c e   s h o w n   i n   F i g u r e s  VII-14 A ,  B a n d  C were 

( w i t h   t h e   e x c e p t i o n  of b e a r i n g   c l e a r a n c e )   o b t a i n e d   d u r i n g   t e s t i n g  a t  d a t a   p o i n t  

F 14, i . e . ,  w i t h   a l t e r n a t o r   e x c i t a t i o n   b u t  no e l e c t r i c a l  l o a d .   F i g u r e  VII-14 

(D) s h o w s   t h e   e f f e c t   o n   i n s t a b i l i t y   o f   r e m o v i n g   t h e   e x c i t a t i o n   est P o i n t  F 15).  

F r o m   t h i s   f i g u r e  i t  i s  s e e n   t h a t   t h e   i n s t a b i l i t y   c e a s e d   a n d   t h a t   t h e   f i l m   t h i c k -  

n e s s  o f  b o t h   l o a d e d   a n d   u n l o a d e d   p a d s   w a s   i n c r e a s e d .   T h e   c e s s a t i o n   o f   t h e   i n -  

s t a b i l i t y   c o u p l e d   w i t h   t h e   i n c r e a s e   i n   f i l m   t h i c k n e s s   o n   r e m o v a l   o f   t h e  a l t e r -  

n a t o r   e x c i t a t i o n   s u g g e s t s   t h a t   t h e   o b s e r v e d   i n s t a b i l i t y   r e s u l t e d  from a m a g n e t i c  

s h o r t   c i r c u i t   a r o u n d   t h e   a l t e r n a t o r  s t a t o r ,  t h e   b e a r i n g   p a d s , a n d   o t h e r   m a g n e t i c  

p a r t s  o f  t h e   s i m u l a t o r   d e s i g n   f o r m i n g   p a r t  o f  t h i s   c i r c u i t .   T h e   o c c u r a n c e   o f  

t h i s   p h e n o m e n a   i n   t h e   t u r b o a l t e r n a t o r  i s  i m p r o b a b l e  as  t h e   b e a r i n g   s u p p o r t   s y s t e m  

i s ,  u n l i k e   t h e   s i m u l a t o r ,   m a n u f a c t u r e d   f r o m   n o n - m a g n e t i c  mater ia l s .  D u r i n g   t h i s  

t e s t , t h e   o t h e r   p a d s   ( o n e   l o a d e d   a n d   o n e   u n l o a d e d )   d i d  not  e x h i b i t   a n y   t e n d e n c i e s  

t o  b e c o m e   u n s t a b l e .  

From t h e   o b s e r v e d  t e s t  r e s u l t s , i t  i s  c o n c l u d e d   t h a t   s a f e   o p e r a t i o n   o f   t h e   t u r b o -  

a l t e r n a t o r  i n  a h o r i z o n t a l   p o s i t i o n  w i l l  b e  o b t a i n e d   w h i l e   t h e   f i l m   t h i c k n e s s  o f  

t h e   u n l o a d e d   p a d s  i s   l e s s  t h a n  1 .8  m i l s . ( S t a b l e   o p e r a t i o n   o f   b o t h   b e a r i n g s  a t  

t h i s   c l e a r a n c e   w h i l e   o p e r a t i n g  a t  1 2  KW c a n   b e   s e e n   i n   F i g u r e s  V I I - 5  a n d   V I I - 7 . )  

T h e   a d d i t i o n a l   T e s t   N m b e r  2 was c o n d u c t e d  a s  e x t e n s i o n  of t h e  t e s t  o n   C o n f i g u r a -  

t i o n  A ( r o t o r   v e r t i c a l ,   c o n c e n t r i c   a n d   m e c h a n i c a l l y   b a l a n c e d ) .   T h e  t e s t  was 

p e r f o r m e d ,   w i t h o u t   a l t e r n a t o r   e x c i t a t i o n   t h r o u g h o u t ,  a t  t h r e e   v a l u e s  o f  a m b i e n t  

p r e s s u r e ,   1 4 . 7   P S I A ,  10.5 PSLA a n d  7 . 2  PSIA. L i k e  a d d i t i o n a l   T e s t   N u m b e r  1, 

t h e  t t l r b i n e   j o u r n a l   b e a r i n g   c l e a r a n c e  was i n c r e a s e d   b y   r a i s i n g   t h e   t e m p e r a t u r e  

o f   t h e   b e a r i n g   s u p p o r t .   T h r o u g h o u t   t h e  t e s t  t h e   t h r u s t   e n d   j o u r n a l   b e a r i n g  

c l e a r a n c e s  were m a i n t a i n e d   a t   n o r m a l   l t w e l s .   F i g u r e  15 s h o w s   t h e   j o u r n a l   b e a r -  

i n g   p e r f o r m a n c e  a t  t h e  nlaximtlm va lues  O C  c l e a r a n c e   a t t a i n e d   d u r i n g   t h e  t e s t  

w h i c h  was p e r f o r m e d  a t  a n   a m b i e n t   p r e s s u r e  of 7 . 2  PSLA. F i g u r e s   V I I - 1 5  (A 6 B)  

show t h e  m o t i o n  o f  t h e   j o u r n a l   ( t i m e   b a s e   t r a c e s   a n d   o r b i t )   w i t h  a p r e d o m i n a n t  
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v i b r a t i o n   f r e q u e n c y   o f  40 CPS. It s h o u l d   b e   n o t e d   t h a t   i n c r e a s i n g   t h e   a m b i e n t  

p r e s s u r e  t o  14.7 PSIA f r o m  7 . 2  PSIA d i d   n o t   s i g n i f i c a n t l y   r e d u c e   t h e   a m p l i t u d e  

o f   t h e  40 CPS v i b r a t i o n .   S t o p p i n g   t h e   v a c u u m  p u m p ,   h o w e v e r ,   r e s u l t e d   i n   t h e   d i s -  

a p p e a r a n c e  oE t h i s  mode o f   v i b r a t i o n .   F i g u r e  VII-15 (B & c) show t h e   p a d   f i l m  

t h i c k n e s s .   A g a i n   t h e  40 CPS v i b r a t i o n   c a n   b e   c l e a r l y  seen. F r o m   t h e s e   f i g u r e s  

i t  i s  s e e n   t h a t   f i l m   t h i c k n e s s e s  of a p p r o x i m a t e l y  1 . 7  mils were a t t a i n e d   o n  

b o t h   l o a d e d   a n d   u n l o a d e d   p a d s ,  a s i t u a t i o n   w h e r e   t h e   b e a r i n g   p r e l o a d e d  i s  a p p r o n c h -  

i n g  zero.  It was s h o w n   d u r i n g   t h e   c o u r s e   o f   t h i s  t e s t  t h a t  a t  l a r g e   c l e a r a n c e s ,  

t h e   j o u r n a l   a n d   p a d s   b e c a m e   n o t i c e a b l y   r e s p o n s i v e  t o  f o r c e d   v i b r a t i o n s   e m a n a t i n g  

f r o m   a s s o c i a t e d   a u x i l i a r y   e q u i p m e n t ,   i n   t h i s  case t h e   v a c u u m  pump. O p e r a t i o n  

u n d e r   s u c h   c o n d i t i o n s ,   w h i l e   n o t   s h o w n  t o  b e   h a r m f u l ,  i s  n o t   r e c o m m e n d e d .   I n -  

s u E f i c i e n t  time c u r t a i l e d   E u r t h e r   t e s t i n g  a t  t h e s e   i n c r e a s e d   v a l u e s  of b e a r i n g  

c l e a r a n c e   i n   c o n j u n c t i o n   w i t h   t h e   v a r i o u s  e l e c t r i c a l  l o a d   a n d   f a u l t   c o n d i t i o n s  

t o   w h i c h   t h e   o t h e r   c o n f i g u r a t i o n s  were s u b j e c t e d .   F r o m   e x a m i n a t i o n   o f   t h e  t e s t  

d a t a , i t   i s   c o n c l u d e d   t h a t   f o r   s a f e   o p e r a t i o n  o f  t h e   t u r b o a l t e r n a t o r  i n  3 

v e r t i c a l   p o s i t i o n   t h e  maxinlum b e a r i n g   f i l m   t h i c k n e s s  o n  a n y   p a d   s h o u l d   b e  

l i m i t e d   t o   1 . 5  mi l s .  

S a t i s f a c t o r y   s i m u l a t o r   o p e r a t i o n   a t  7 . 2  PSIA o v e r   t h e   f u l l   r a n g e   o f   e l e c t r i c a l  

c o n d i t i o n s   i n v o l v e d  was p r e v i o u s l y   d e m o n s t r a t e d   d u r i n g   t e s t i n g   o f   C o n f i g u r a t i o n  

B a t  a n   a v e r a g e   f i l m   t h i c k n e s s  of 1 : 4 4  mils.  

A d d i t i o n a l   T e s t   N u m b e r  3 was a l s o   c o n d u c t e d  a s  a n  e x t e n s i o n  o l  t h e   t e s t  of 

C o n f i g u r a t i o n  A .  T h e   a x i s   o f   t h e   s i m u l a t o r  was i n c l i n e d   a t  4 5 O  a n d   t h e   t e s t  

p e r f o r m e d  a t  t h r e e   v a l u t > s   o f   b e a r i n g   a m b i e n t   p r e s s u r r  (14 .7  PSIA, 10.5 PSIA 

a n d  7.2 PSIA)  w i t h o u t   a l t e r n a t o r   e x c i t a t i o n .   O s c i l l o s c o p e   p h o t o g r a p h s   w h i c h  

were t a k e n   o f   t h e   b e a r i n g   p e r f o r m a n c e  a r e  n o t   p r e s e n t e d  i n  t h i s   r e p o r t .   T h e  

r o t o r - b e a r i n g   s y s t e m   p c r f o r m a n c e  was s a t i s f a c t o r y   t h r o u g h o u t   t h e   c o t l r s e  of 

t h e   t e s t .  

A d d i t i o n a l   T e s t  Number 4 was a l s o   c o n d u c t e d  a s  a n   e x t e n s i o n  o f  t h e   t e s t s   o f  

C o n f i g u r a t i o n  A .  T h i s  t es t  was p e r f o r m e d  a t  o n e  va lue  o r  b e a r i n g   a m b i e n t  

p r e s s o r e   ( 1 4 . 7  PSIA) b o t h   w i t h   a n d   w i t h o u t   a l t e r n a t o r   c s c i t a t i o n .  
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T h e  t e s t  c o n s i s t e d  of a c c e l e r a t i n g  t h e  rotor t o  14,400 RPM, c l o s i n g   t h e   t u r b i n e  

s u p p l y  va lve  a n d   p e r m i t t i n g   t h e  r o t o r  t o  coas t  d o w n .   T h e   m a i n   t h r u s t   b e a r i n g  

was s u p p l i e d   w i t h   j a c k i n g  gas t h r o u g h o u t   t h e  t e s t .  O s c i l l o s c o p e   p h o t o g r a p h s   o f  

b o t h   j o u r n a l   o r b i t s   w e r e   t a k e n   d u r i n g   c o a s t d o w n  2 s  s h o w n   i n   F i g u r e   V I I - . 1 6 .   T h e s e  

p h o t o g r a p h s ,   w h i c h  a r e  m u l t i - e x p o s u r e s ,  were o b t a i n e d   b y   r e p o s i t i o n i n g   t h e   o r b i t  

a f t e r   e a c h   e x p o s u r e .   F i g u r e s   V I I - 1 6  (A) a n d   V I I - 1 6  (B)  s h o w   t h e   t u r b i n e   e n d  

j o u r n a l   o r b i t   w i t h   a n d   w i t h o u t   a l t e r n a t o r   e x c i t a t i o n   r e s p e c t i v e l y .   F i g u r e s   V I I - 1 6  

(C) a n d  VI I -16  (C) s h o w   t h e   t h r u s t   e n d   j o u r n a l   o r b i t s   u n d e r   t h e  same c o n d i t i o n s .  

T h e s e   o r b i t s   i n d i c a t e   t h e   c o m b i n e d   e f f e c t  of  t h e   r e s i d u a l   u n b a l a n c e  i n  t h e  r o t o r  

s y s t e m   a n d   t h e   o u t - o € - r o u n d n e s s   w h i c h  was p r e s e n t   i n   t h e   t h r u s t   e n d   j o u r n z l .  

F i g u r e s  VI I -16  (A a n d  B )  d o   n o t   e s h i b i t   a n y   n o t i c e a b l e   e f f e c t s   o f   e i t h e r   a l t e r n a t o r  

e x c i t a t i o n  o r  t h e   r i g i d   b o d y   m o d e s  ol v i b r a t i o n .   F i g u r e s   V I l - 1 6  ( C  a n d  D) d o  

e x h i b i t  a s l i g h t  o r b i t   e n l a r g e m e n t   b e t w e e n  7,000 a n d  8,000 RPM, t h i s   b e i n g   t h e  

s p e e d   r a n g e   i n   w h i c h   t h e   i n c r e a s e d   a m p l i t u d e s  o f  v i b r a t i o n   a s s o c i a t e d   w i t h   t h e  

r i g i d   b o d y  c r i t i c a l s  were p r e d i c t e d .  

T h i s  t e s t  was c o n d u c t e d   w i t h   t h e  r o t o r  p o s i t i o n e d   g e o m e t r i c a l l y   c o n c e n t r i c  t o  

t h e   b o r e   o f   t h e   a l t e r n a t o r  s t a t o r .  F r o m   F i g u r e   V I I - l 6 , i t   c a n   b e   s e e n   t h a t  

e x c i t a t i o n  o f  t h e   a l t e r n a t o r   f i e l d   h a d   n o   e f f e c t  o n  t h e   c o n c e n t r i c i t y   o f   t h e  

r o t o r .  'It  s h o u l d   b e   n o t e d   t h a t   t h e   r e p o s i t i o n i n g   o f   t h e   o r b i t   n e c e s s a r y  t o  

o b t a i n   t h e   m u l t i - e x p o s u r e   p h o t o g r a p h s  was a c c o m p l i s h e d   b y   a d j u s t m e n t  oE t h e  CRO 

b e a m   u s e d  t o  d i s p l a y   t h e   s i g n a l s  f rom t h e   h o r i z o n t a l   g r o u n d - t o - s h a f t   p r o b e s ,   t h e  

r e l a t i v e  p p s i t i o n s  or t h c   o r b i t s  a t  e a c h   s p e e d  a r e ,  t h e r e f o r e ,  a c o r r e c t  

r e p r e s e n t a t i o n   o f   j o u r n a l   p o s i t i o n  i n  t h e   v c r t i c a l   d i r e c t i o n .  I t  i s  c o n c l u d e d  

t h a t   t h e  geometr ic  a n d   m a g n e t i c   c e n t e r s  o f  t h e   a l t e r n a t o r  r o t o r  a n d   s t a t o r   u s e d  

i n   t h i s  t e s t  p r o g r a m  a r e  e i t h e r   c l o s e l y   c o i n c i d e n t  o r  t h e   s t a t i c   f o r c e s   i n v o l v e d  

in o p e r a t i o n   w i t h   e s c i t a t i o n , b u t  z e r o  p o w e r , a r e  t o o  s m a l l  to  e f f e c t   t h e   b e a r i n g  

p e r f o r m a n c e .  

D u r i n g   t h e   c o u r s e   o f   t h e  t e s t  p r o g r a m  o n  C o n f i g u r a t i o n s  A t h r o u g h   F , i  t b e c a m e  

e v i d e n t   t h a t  somc b a c k   l e a k a g e   f r o m   t h e   l o a d e d   p a d s  was o c c u r r i n g .  When t h e  

b e a r i n g s  were o p e r a t i n g   i n   a n   a m b i e n t   p r e s s u r e  o f  1 4 . 7  PSIA, i t  was n o t e d   t h a t  

t h e   p r e s s u r e  gage n o r m a l l y   ~ r s e d  t o  measllre j o u r n a l   b e a r i n g   j a c k i n g  g a s  s u p p l y  

p r e s s u r e  was i n d i c a t i n g   p r e s s u r e s   o f   u p  t o  9 .0  PSLG, t h e   e x a c t   p r e s s u r e   b e i n g  

d e p e n d e n t  on s i m u l a t o r   o r i e n t a t i o n .  A c h e c k  o n  thtx s y s t e m   s h o w e d   t h a t   t h e   g a s  
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i n   t h e   b e a r i n g   f i l m ,   w h i c h  i s  a t  a p r e s s u r e   h i g h e r   t h a n   a m b i e n t   p r e s s u r e ,  was 

l e a k i n g   b a c k   t h r o u g h   t h e   j a c k i n g - g a s   o r i f i c e s ,   p a s t   t h e  "0" r i n g - t y p e   c h e c k  

valves b u i l t   i n t o   t h e   p i v o t  seats a n d   p r e s s u r i z i n g   t h e   s u p p l y   p i p e   l i n e s   u p  

t o  t h e  t es t  p a n e l .  

A d d i t i o n a l   T e s t   N u m b e r  5 was i n t r o d u c e d  a s  a n   e x t e n s i o n   o f   t h e  t es t  on Con- 

f i g u r a t i o n  A ,  t o  d e t e r m i n e   t h e   e x t e n t  of  b a c k   l e a k a g e .   T h e  t es t  was p e r f o r m e d  

w i t h   t h e   s i m u l a t o r   i n  a v e r t i c a l  p o s i t i o n   a n d   w i t h  a b e a r i n g   a m b i e n t   p r e s s u r e  

o f   1 4 . 7  PSIA. T h e   j a c k i n g - g a s   s u p p l y   l i n e  was d i s c o n q e c t e d  a t  t h e  t e s t  p a n e l   a n d  

a f l o w m e t e r   i n s e r t e d ,   t h e   d o w n s t r e a m   s i d e  of , t h e   f l o w m e t e r   b e i n g   l e f t   o p e n   t o  

a t m o s p h e r e .  A t  a s p e e d   o f   1 2 , 0 0 0  RPM a t o t a l  l e a k a g e   f l o w   f r o m   t h e   f o u r   p a d s  was 

n o t e d  t o  b e   0 . 0 6 4 2 5  CFM. T h e   l e a k a g e   f r o m   t h e   i n d i v i d u a l   p a d s  was as  €allows: 

P a d   ( i d e n t i f i e d   b y  
t h e   c a p a c i t y   p r o b e  #) 

PF3 

PF4 

PF23 

PF24 

P a d   L e a k a g e  
(SCFM) 

- 0 2 6 4  

. 0 2 4 6  

0 

- 0 1 3 2  

Due t o   t h e   d i f f e r e n c e   i n   b a c k   p r e s s u r e   e x i s t i n g   a c r o s s   t h e   c h e c k  va lve  d u r i n g  

n o r m a l   o p e r a t i o n   a n d   d u r i n g   t h e   c o u r s e  o f  t h e   L e a k a g e  t e s t s ,  t h e   m a g n i t u d e  of pad  

l e a k a g e  a s  d e t e r m i n e d   b y   t h e s e   t e s t s  w i l l  b e   c o n s i d e r a b l y   i n   e x c e s s  o f  t h e   l e a k -  

a g e  r a t e s  o c c u r r i n g   u n d e r   n o r m a l   c o n d i t i o n s   o f   o p e r a t i o n .   H o w e v e r ,   c o n d u c t i n g  

t h e   t e s t s   i n   t h e   m a n n e r   d e s c r i b e d   a l l o w s   t h e   i n t r o d u c t i o n   o f  a s i m p l e   f l o w  t e s t  

of  t h e   b e a r i n g s   t o   b e   i n s t a l l e d   i n   t h e   t u r b o a l t e r n a t o r .   B e a r i n g   p e r f o r m a n c e  

d u r i n g   t h e   l e a k  t e s t  was c o n s i d e r e d   s a t i s f a c t o r y   w i t h   a d e q u a t e   f i l m   t h i c k n e s s  a t  

a l l  times. T h e r e f o r e ,   n o   f u r t h e r   a t t e m p t s  were made t o  c o r r e l a t e   f l o w ,   b a c k p r e s s u r e  

a n d   b e a r i n g   f i l m   t h i c k n e s s .   T h e   a p p r o p r i a t e   m a n u f a c t u r i n g   d r a w i n g   o f   t h e   b e a r i n g  

p a r t s  was r e v i s e d   t o   i n c l u d e  a reverse f l o w   l e a k a g e  t e s t  w i t h  a s u p p l y   p r e s s u r e  

o f  10 PSIG, t h e   r e s u l t i n g   l e a k a g e   f l o w   n o t   t o   e x c e e d  750 C C / m i n . ,   t h i s   b e i n g  

e q u i v a l e n t   t o   t h e  m a x i m u m   p a d   l e a k a g e   o b s e r v e d   d u r i n g   t h e  t e s t .  

A d d i t i o n a l   T e s t   N u m b e r  6 was i n t r o d u c e d  t o  p e r m i t   o b s e r v a t i o n  o i  t h e   d y n a m i c  

r e s p o n s e  of t h e   j o u r n a l s   a n d   b e a r i n g   p a d s   w h e n   t h e   r o t o r  was e c c e n t r i c   a n d  mis- 

a l i g n e d .   T h e   m i s a l i g n m e n t  was a c h i e v e d  b y  a d j u s t i n g   t h e   j o u r n a l   b e a r i n g s  t o  
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o b t a i n   a n   e c c e n t r i c i t y   i n   t h e   d i r e c t i o n   o f   t h e  ' .oaded  pads a t  t h e   t u r b i n e   e n d  

a n d ,   s i m u i t a n e o u s l y   e c c e n t r i c i t y   i n   t h e   d i r e c t i o n   o f   t h e   u n l o a d e d   p a d s  a t  the' 

t h r u s t   b e a r i n g   e n d .  In a d d i t i o n ,   t h e   o p p o r t u n i t y  w a s  t a k e n   t o   o b s e r v e   t h e   t h r u s t  

b e a r i n g   p e r f o r m a n c e   u n d e r   o p e r a t i n g   c o n d i t i o n s   i n v o l v i n g   m i s a l i g n m e n t   b e t w e e n   t h e  

t h r u s t   r u n n e r   a n d   s t a t o r ,  a c o n d i t i o n   w h i c h   o c c u r s  when t h e   r o t o r   a l i g n m e n t  i s  

c h a n g e d   a f t e r   t h e   t h r u s t   b e a r i n g   a d j u s t m e n t s   h a v e   b e e n  m a d e .  T h i s  t e s t  was con-  

d u c t e d  as a n   e x t e n s i o n   o f   t h e  t e s t s  o n   C o n f i g u r a t i o n  A ,  t h e   o n l y   a d j u s t m e n t s  m a d e  

b e i n g   t o   c h a n g e   t h e   r o t o r   e c c e n t r i c i t y .   T h e   t h r u s t   b e a r i n g   a d j u s t m e n t  was n o t  

c o r r e c t e d   t o   m a i n t a i n   t h e   p a r a l l e l i s m   b e t w e e n   r u n n e r   a n d   s t a t o r .   T h r e e   b e a r i n g  

a m b i e n t   p r e s s u r e   l e v e l s   w e r e   u s e d   d u r i n g   t h e  t e s t  ( 1 4 . 7 ,  10 .5  and 7 . 2  P S I A ) .  

T h r o u g h o u t   t h e  t e s t ,  t h e   h y d r o d y n a m i c   b e a r i n g   p e r f o r m a n c e  was s a t i s f a c t o r y ,   t h e  

j o u r n a l   a n d   p a d   r e s p o n s e   t o   e l e c t r o m a g n e t i c   a l t e r n a t o r   f o r c e s   b e i n g   s y n c h r o n o u s  

and o f  s imilar  m a g n i t u d e s   t o   t h o s e   p r e v i o u s l y   d e s c r i b e d   i n   t h i s   r e p o r t .   T h e  

e c c e n t r i c i t y   i n   t h e   p l a n e   o f   t h e   p o l e   f a c e   a d j a c e n t   t o   t h e   c u r b i n e   e n d   b e a r i n g  

w a s   a p p r o x i m a t e l y  0 . 7  mils i n   t h e   d i r e c t i o n   o f   t h e   l o a d e d  p a d s  a n d   t h e   e c c e n t r i c i t y  

i n   t h e   p l a n e   o f   t h e   p o l e   f a c e   a d j a c e n t   t o   t h e   t h r u s t   e n d   b e a r i n g   w a s   a p p r o x i m a t e l y  

0 . 3  mi ls  i n   t h e   d i r e c t i o n   o f   t h e   u n l o a d e d   p a d s .   T h i s   r e p r e s e n t s   a n   a n g u l a r  m i s -  

a l i g n m e n t   o f   t h e   r o t o r   a n d   t h e   t h r u s t  p l a t e  o f  0 .013 d e g r e e s .   T h e   p e r f o r m a n c e   o f  

t h e   h y d r o d y n a m i c   t h r u s t   b e a r i n g   u n d e r   t h e s e   c o n d i t i o n s   w a s   a c c e p t a b l e   t h r o u g h o u t ,  

a minimum f i l m   t h i c k p e s s   o f   a p p r o x i m a t e l y  1 . 0  m i l  b e i n g   o b s e r v e d  a t  o n e   c a p a c i t a n c e  

p r o b e   s i m u l t a n e o u s l y   w i t h  a f i l m   t h i c k n e s s   o f  1 . 5  mils a t  a p r o b e   p o s i t i o n e d  

a t  180'. 
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UNLOADED PAD FILM THICKNESS 
AT THRESHOD OF INSTABILITY. 
ALTERNATOR EXCITED - No Lorn- 
SENSITIVITY 0.298 HILSAAJOR DivlsloN 

UNLOADED PAD FILM THICKNESS 
DURING INSTABILITY, ALTERNATOR 
EXCITED - KO LOAD 
SENSITIVITY 0.298 ,MILS/MAJOR DIVISION 

\ (A) 
LOADED PAD F I U I  THICKNESS AT 
THRESHOLD OF IN S T A R I L I T Y .  
ALTERNATOR EXCITED - E!o LOAD 
SENSITIVITY C.304 PILS/MAJOR DIvlsrow 

JOURNAL MOTION, HORIZONTAL PROBE 
DURING INSTABILITY. 
SENSITIVITY 0.E65 IIILS/YIAJOR D I V I S I O N  

\ 

LOADED PAD FILM THICKNESS 
CURING INS T A B I L I T Y  ATERNATOR 
EXCITED - KO LOAD 
ZENSITIVITY 0.304 MILS/MAJOR DIVISION 

LOADED AND UNLOADED PAD FILM 
THICKNESSES O N  REMOVAL OF ALTERNATOR 
EXCITATION 
SENSITIVITIES: 

U P P E R  TRACES 0.298 MILS/MAJOR DIVISION 
LOWER TRACES 0.304 MILS/MAJOR DIVISION 

JOURNAL  MOTION. VERTICAL PROBE 
DURING'WBS~ELW. 
SENSITIVITY 0.640 MILS/MAJOR DIVISION 

(D) \ 
LOADED AND UNLOADED PAD FILM 
THICKNESSES DURING INSTABILITY 
AND PRIOR TO REMOVING ALTERNATOR 
EXCITATION 

w 

TIME RASE - FIGURE A. P AND C - 10 x SECSAAJOR DIVISION 
FIGURE D - 5 x 10-3 SECSAAJOR DIVISION 

Fig. VII-14 Oscilloscope Photographs of  the Turbine End Journal 
Bearing Performance During'Tests to  Determine the 
Maximum Permissible Bearing Clearance. Speed 12,000 RPM. 
10.5 PSIA Ambient Pressure (Air). Rotor Horizontal, 
Eccentric and Mechanically Unbalanced. (Configuration 
F Test  Points 14 and 15) 
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JOURNAL MOTION, HORIZONTAL PROBE 
SENSITIVITY 0.266 MILS/MAJOR DIVISION 

,,,\ I (B)  
JOURNAL MOTION, VERTICAL PROBE JOURNAL ORBIT 
SENSITIVITY 0,256 MILS/MAJOR DIVISION SENSITIVITY:- 

VERTICAL  PROBE 0.256 MILS/MAJOR DIVISION 
HORIZONTAL PROBE 0,266 MILS/MAJOR DIVISION 

UNLOADED PAD FILM  THICKNESS UNLOADED PAD FILM  THICKNESS 
SENSITIVITY 0.298 MILS/MAJOR DIVISION SENSITIVITY 0,315 M I L ~ M A J O R  DIVISION 

LOADED  PAD FILM  THICKNESS LOADED  PAD FILM  THICKNESS 
SENSITIVITY 0,304 M I L ~ M A J O R  DIVISION SENSITIVITY 0.321 MILS/MAJOR DIVISION 

- - i 

TIME BASE - FIGURE A 5 x 10-3 SECS/MAJOR DIVISION 
FIGURES C AND D 10 x 10-3 SECS/MAJOR DIVISION 

F i g .  VII-15 O s c i l l o s c o p e   P h o t o g r a p h s  of t h e   T u r b i n e  End J o u r n a l  
B e a r i n g   P e r f o r m a n c e   D u r i n g   T e s t s  t o  Determine t h e  
Maximum P e r m i s s i b l e   B e a r i n g   C l e a r a n c e .   S p e e d  12,000 RPM, 
10.5 PSIA A m b i e n t   P r e s s u r e   ( A i r ) ,   R o t o r  Vertical, 
C o n c e n t r i c   a n d   B a l a n c e d .   ( C o n f i g u r a t i o n  A T e s t   P o i n t  23) 
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(A )  (B) 
No ALTERNATOR EXCITATION WITH ALTERNATOR EXCITATION 

TURBINE END JOURNAL ORBITS 

SENSITIVITY: HORIZONTAL - 0.665 MILSIMAJOR DIVISION 
VERTICAL - 0,640 MILS/MAJOR DIVISION 

( C )  
No ALTERNATOR EXCITATION 

(Dl 
WITH ALTERNATOR EXC I TAT I ON 

THRUST END JOURNAL ORBITS 
SENSITIVITY: HORIZONTAL 0,45 MILS/MAJOR DIVISION 

VERTICAL 0,47 MILS/MAJOR DIVISION 

SPEEDS IN R f "  READING FROM LEFT TO RIGHT ON EACH FIGURE ARE 5,000. 
6,000, 7,000, 8,000, 9,000, 10,000, 11,000, 12.000. 13,000 AND 14,400 

Fig. VII-16 Oscilloscope  Photographs of Journal Orbits Showing 
the Residual  Unbalance, Out-of-Roundness and Effect of 
Excitation  Over  the Speed Range 5,000-14,400 lU" 
Rotor Vertical and Concentric Bearing Ambient Pressure 
14.7 PSIA (Air) 



T e s t   E v a l u a t i o n   o f   J o u r n a l   B e a r i n g   P e r f o r m a n c e   a n d   A l t e r n a t o r   M a g n e t i c   F o r c e  
G r a d i e n t s  

T h e   e f f e c t   o f   t h e  s t a t i c  e l e c t r o m a g n e t i c   f o r c e ,   F o ,   o n   j o u r n a l   p o s i t i o n   a n d   p a d  

f i l m   t h i c k n e s s   r e s u l t i n g   f r o m   o p e r a t i o n   w i t h   a n   e c c e n t r i c   r o t o r   c a n   b e   c l e a r l y  

s e e n  on F i g u r e s  VII-9, VII-10, VII-11 and  VII-12. In F i g u r e  VII-9 (B), t h e  

v e r t i c a l   d i s t a n c e  of 0.83 mils s e p a r a t i n g   t h e  two o r b i t s   i n d i c a t e s   t h e  movement 

o f  t h e   j o u r n a l   r e s u l t i n g   f r o m   s w i t c h i n g   o n   t h e   a l t e r n a t o r   e x c i t a t i o n   w i t h   t h e  

r o t o r   i n  a v e r t i c a l   p o s i t i o n .   T h e   l o w e r   t r a c e s  on F i g u r e s  VII-9 (A) and VII-9 

(C) show t h e   e f f e c t  on t h e   p a d   f i l m   t h i c k n e s s .  

F i g u r e  VII-11 (B) a g a i n  shows t h e   e f f e c t   o f   s w i t c h i n g  on  t h e   e x c i t a t i o n .  I n  

t h i s  c a s e   t h e   r o t o r  was h o r i z o n t a l   a n d ,  as  a r e s u l t   o f   t h e   i n c r e a s e d   s t i f f n e s s  

o f   t h e   l o a d e d   b e a r i n g s .   t h e   j o u r n a l  movement i s  cons ide rab ly   r educed .   The  

r e d u c t i o n   i n   p a d   f i l m   t h i c k n e s s  i s ,  f o r   t h e  same r e a s o n ,   a l s o  less .  S i m i l a r  

t r e n d s   c a n   b e   s e e n   a s  a c o n s e q u e n c e   o f   i n i t i a t i n g   b o t h   t h e   s i n g l e - a n d   t h r e e - p h a s e  

s h o r t   ( F i g u r e s  VII-12 and VII-13). 

From t h e   o b s e r v e d   s t e a d y - s t a t e   m o v e m e n t s   o f   t h e   j o u r n a l   a n d   c h a n g e s   i n   p a d   f i l m  

t h i c k n e s s   w h i c h   r e s u l t e d   f r o m   e a c h   c h a n g e   i n   t h e   c o n d i t i o n   o f   a l t e r n a t o r   o p e r a -  

t i o n ,  i t  i s  p o s s i b l e   t o   e s t i m a t e   t h e   s t a t i c   e l e c t r o m a g n e t i c   f o r c e ,   F o ,   w h i c h  

caused   t hese   changes .  In o r d e r   t o  make such es t imates , i t  i s  n e c e s s a r y -   t o   h a v e  

e x p e r i m e n t a l   d a t a   s h o w i n g   t h e   p a d   f i l m   t h i c k n e s s   f o r   e a c h   o f   t h e   f o u r   p a d s   i n  

t h e   b e a r i n g ,   a n d   a l s o   e x p e r i m e n t a l   d a t a   s h o w i n g   t h e   e c c e n t r i c i t y   o f   t h e   r o t o r  

p o l e - p l a n e s   r e l a t i v e   t o   t h e   b o r e   o f   t h e   a l t e r n a t o r   s t a t o r .  A s  d e s c r i b e d   p r e -  

v i o u s l y ,   t h e   s i m u l a t o r  was e q u i p p e d   w i t h   t h e   i n s t r u m e n t a t i o n   r e q u i r e d   t o  make 

these   measurements .  

F o l l o w i n g   a c q u i s i t i o n   o f . t h e   e x p e r i m e n t a l   d a t a ,   t h e   r e c o r d e d   p r o b e   r e a d i n g s  were 

c o r r e c t e d   f o r   d i f f e r e n t i a l   t h e r m a l   e x p a n s i o n   e f f e c t s   b e t w e e n   j o u r n a l ,   p a d s ,  

b e a r i n g   s u p p o r t s   a n d   c a p a c i t a n c e   p r o h e s   a n d   a l s o   i n s t r u m e n t a t i o n   c a l i b r a t i o n  

e f f e c t s .  The   da ta  were then   super imposed  on p l o t s   o f   c a l c u l a t e d   b e a r i n g   p e r -  

fo rmance .   The   ca l cu la t ed   bea r ing   pe r fo rmance   was   p lo t t ed   a s   cu rves   o f   f i lm  

t h i c k n e s s   v e r s u s   b e a r i n g   p r e l o a d   r a t i o   f o r   s e l e c t e d   v a l u e s  of  b e a r i n g   l o a d .  In 

o r d e r   t o   p l o t   t h e   e x p e r i m e n t a l   d a t a ,   t h e   v a l u e   o f   b e a r i n g   p r e l o a d   r a t i o s  (m) were 

c a l c u l a t e d   f r o m   t h e   f o l l o w i n g   g e o m e t r i c   r e l a t i o n s h i p :  

2 18 



T h e   v a l u e   o f  s t a t i c  m a g n e t i c   l o a d  w a s  t h e n   o b t a i n e d   b y   l i n e a r   i n t e r p o l a t i o n   o f   t h e  

e x p e r i m e n t a l   p o i n t s  r e l a t ive  t o   t h e  two a d j a c e n t   c a l c u l a t e d   l o a d   c u r v e s .  

T h r e e   r e p r e s e n t a t i v e   c u r v e s  a re  shown i n  F i g u r e s   V I I - 1 7 ,  V I I - 1 8  a n d  V I I - 1 9 .  T h e  

e x p e r i m e n t a l   d a t a   p l o t t e d   o n   F i g u r e s   V I I - 1 7   a n d  VII-18 a r e  f o r   t h e   j o u r n a l   b e a r -  

i n g   l o c a t e d   a d j a c e n t  t o  t h e   t h r u s t   b e a r i n g ,   t h e   r o t o r   b e i n g   v e r t i c a l l y   o r i e n t e d  

w i t h   r e s i d u a l   m e c h a n i c a l   u n b a l a n c e .   T h e   e x p e r i ' m e n t a l   d a t a   p l o t t e d   o n   F i g u r e  V I I -  

1 9  i s  likewise f o r   t h e  same b e a r i n g .   I n   t h i s  case, h o w e v e r ,   t h e   r o t o r  i s  h o r i -  

z o n t a l   a n d   a l s o   u n b a l a n c e d  by 0.005 o u n c e - i n c h e s   i n   t h e   p l a n e   o f   t h e   t u r b i n e  

whee 1. 

U n d e r   a l t e r n a t o r   o p e r a t i n g   c o n d i t i o n s   o f   z e r o   e x c i t a t i o n   ( t h e r e f o r e ,   n o   l o a d ) ,  

t h e   e l e c t r o m a g n e t i c   f o r c e  i s  z e r o   a n d   t h e   c o r r e s p o n d i n g   e x p e r i m e n t a l   d a t a   p o i n t  

s h o u l d   f a l l   o n   t h e   z e r o   l o a d   l i n e   f o r   v e r t i c a l   o p e r a t i o n ,   a n d   o n   t h e   l o a d   l i n e  

r e p r e s e n t i n g   1 - g   b e a r i n g   l o a d   f o r   h o r i z o n t a l   o p e r a t i o n   w h i c h ,   i n   t h i s   c a s e ,  i s  

2 8   p o u n d s .   T h e   f a c t   t h a t   t h e   e x p e r i m e n t a l   d a t a   p o i n t s   f o r   z e r o   e x c i t a t i o n  

c o h d i t i o n  A r e  n o t   c o i n c i d e n t   w i t h   t h e   a p p r o p r i a t e   l o a d   l i n e s  i s  a t t r i b u t e d   t o  

r a d i a l   f o r c e s   o n   t h e   r o t o r   r e s u l t i n g   f r o m   e c c e n t r i c   o p e r a t i o n   o f   t h e   t u r b i n e  

l a b y r i n t h  seals  a n d   a l s o   t o   v a r i a t i o n s   i n   b e a r i n g   g e o m e t r y .   F o r   e x a m p l e ,   t h e  

a n a l y s i s   o f   b e a r i n g   p e r f o r m a n c e   d o e s   n o t   t a k e   i n t o   a c c o u n t  t h e  e f f e c t   o f   t h e  0 . 2  

m i l  deep   pocke t   wh ich  i s  c u t   i n t o   t h e   s u r f a c e   o f   e a c h  of t h e   l o a d e d   p a d s   f o r   t h e  

p u r p o s e s  o f  h y d r o s t a t i c   l i f t - o f f .  A f u r t h e r   p o t e n t i a l  loss  i n   f i l m   t h i c k n e s s  

f o r  a g i v e n   l o a d   e x i s t s  a s  a c o n s e q u e n c e   o f   b a c k - l e a k a g e   f r o m   t h e   b e a r i n g   f i l m  

t h r o u g h   t h e   l i f t - o f f   b e a r i n g   o r i f i c e   i n   t h e   l o a d e d   p a d s .   A l t h o u g h   c h e c k   v a l v e s  

were u s e d   t o  limit t h i s   b a c k f l o w ,  some l e a k a g e  was, as  d e s c r i b e d   i n   p r e c e e d i n g  

p a r a g r a p h s ,   d e t e c t e d   d u r i n g   t h e  t e s t s .  

E x a m i n a t i o n   o f   t h e   c a l c u l a t e d   b e a r i n g   p e r r o r m a n c e   p l o t t e d   o n   F i g u r e s  V I I - 1 7  and  

VII-18 s h o w s   t h a t   t h e   l o a d   c h a n g e   a s s o c i a t e d  w j t h  a p ; i v e n   c h a n g e   i n   f i l m   t h i c k -  

n e s s  i s  g r e a t e r   i n   t h e   r e g i o n s   o f   h i g h   l o a d s   t h a n  i t  i s  f o r   t h e  same f i l m   t h i c k -  

n e s s   c h a n g e   i n   t h e   r e g i o n s  of  l o w   l o a d s .   C o n s i d e r i n g   t h e n   t h e   e x p e r i m e n t a l  
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d a t a   o b t a i n e d   d u r i n g  a l t e r n a t o r  o p e r a t i o n  i n  a v e r t i c a l  o r i e n t a t i o n ,  i t  i s  

r e a s o n a b l e  t o  d e s c r i b e   t h e   z e r o   e x c i t a t i o n  t e s t  p o i n t  a s  t h e  zero  l o a d   p o i n t .  

T h e   b e a r i n g   l o a d s  a t  o t h e r   c o n d i t i o n s  of a l t e r n a t o r  e l e c t r i c a l  o p e r a t i o n  can 

t h e n   b e   d e t e r m i n e d .  

If i t  i s  a s s u m e d   t h a t   t h e   e l e c t r o m a g n e t i c  force g r a d i e n t s  a re  t h e  same f o r  e a c h  

o f   t h e  two a l t e r n a t o r   p o l e   p a i r s ,   a n d   t h a t   f o r  small e c c e n t r i c i t i e s   t h e   f o r c e  

g r a d i e n t s  a r e  l i n e a r ,   t h e n   t h e   c a l c u l a t e d   a n d   e x ' p e r i m e n t a l   b e a r i n g   p e r f o r m a n c e  

d a t a  can  b e   u s e d  t o  c a l c u l a t e   t h e  s t a t i c  e l e c t r o m a g n e t i c   g r a d i e n t s .   T h e   c h a n g e  

i n  r a d i a l   f o r c e  on t h e  r o t o r  w h i c h   r e s u l t s   f r o m  a c h a n g e   i n   e c c e n t r i c i t y  a t  

t h e   t u r b i n e   l a b y r i n t h  i s  a c c o u n t e d   f o r   i n   t h e   c a l c u l a t i o n s   o f   t h e   e l e c t r o -  

m a g n e t i c   g r a d i e n t s .   V a l u e s   o f   b e a r i n g   l o a d   a n d   p o l e - p l a n e   e c c e n t r i c i t y   u n d e r  

v a r i o u s   c o n d i t i o n s  of a l t e r n a t o r   o p e r a t i o n  a r e  g i v e n   i n   T a b l e  VII-10 t o g e t h e r  

w i t h   v a l u e s   o f   t h e   e x p e r i m e n t a l l y   d e t e r m i n e d   a n d   a n a l y t i c a l l y - p r e d i c t e d  average 

s t a t i c  fo rce  g r a d i e n t  f o r  e a c h   p o l e   p a i r .   F r o m   e x a m i n a t i o n  of  t h e   f o r c e   g r a d i e n t  

v a l u e s ,  i t  i s  s e e n   t h a t   t h o s e   o b t a i n e d   f r o m   e x p e r i m e n t a l   d a t a  a r e  l o w e r   t h a n  

t h e   p r e d i c t e d   v a l u e s .   T h e   s u r e a d   i n   t h e   e x p e r i m e n t a l l y - d e t e r m i n e d   g r a d i e n t  

v a l u e s  a t  a n y   g i v e n   a l t e r n a t o r   o p e r a t i n g   c o n d i t i o n  i s  d u e  t o  (1) e x p e r i m e n t a l  

e r r o r ,   a n d  (2)  small v i s c o s i t y   c h a n g e s   d u e   t o  30 t o  40 F v a r i a t i o n s   i n   t e m p -  

e r a t u r e   f r o m   t h e  110 F v a l u e   u s e d   f o r   t h e   b e a r i n g   p e r f o r m a n c e   c a l c u l a t i o n s .  

T h e   e x p e r i m e n t a l l y - d e t e r m i n e d   g r a d i e n t s   f o r  ze ro  l o a d   a n d   f o r  3.33 KVA a l t e r n a t o r  

o p e r a t i o n  a r e  a p p r o x i m a t e l y  50 p e r c e n t   o f   t h e   p r e d i c t e d   v a l u e s ;   w h e r e a s   t h e  

g r a d i e n t s  a t  1 2  KW a l t e r n a t o r   o u t p u t  a r e  55 t o  65 p e r c e n t   o f   t h e   p r e d i c t e d  

v a l u e s .  

T h e   c o r r e c t e d   v a l u e s   o f   r o t o r   e c c e n t r i c i t y   i n   t h e   p l a n e s   o f   t h e   t u r b i n e   w h e e l ,  

t u r b i n e   j o u r n a l   b e a r i n g ,   p o l e   f a c e   a d j a c e n t  t o  t u r b i n e   j o u r n a l   b e a r i n g ,   p o l e  

f a c e   a d j a c e n t  t o  t h r u s t   e n d   j o u r n a l   b e a r i n g , a n d   t h r u s t   e n d   j o u r n a l   b e a r i n g  a t  

e a c h   o f   t h e  216 d a t a   p o i n t s  a r e  g i v e n   i n   A p p e n d i x  K. T h e   c o r r e c t e d  va lbes  o f  

j o u r n a l   b e a r i n g   f i l m   t h i c k n e s s  a t  e a c h  o f  t h e  216 d a t a   p o i n t s  a r e  g i v e n   i n  

A p p e n d i x  J. C u r v e s   s h o w i n g   t h e   c a l c u l a t e d   a n d   e x p e r i m e n t a l   p e r f o r m a n c e   o f   b o t h  

j o u r n a l   b e a r i n g s  s imilar  t o  t h o s e   p r e s e n t e d   i n   F i g u r e s   V I I - 1 7 ,  VI I -18  a n d  V I I -  

1 9  were p l o t t e d   f r o m   t h e   d a t a   o b t a i n e d   d u r i n g   t h e   t e s t i n g  o f  e a c h   c o n f i g u r a t i o n  

(A t h r o u g h  F ) .  T h e s e   c u r v e s ,   w h i l e   r e t a i . n e d   o n   f i l e  a r e  n o t   p r e s e n t e d   i n   t h i s  

r e p o r t .  
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TABLE NG. VII-10 - Calcula ted   and   Exper imenta l ly   Determined   S ta t ic  

E l e c t r o m a g n e t i c   F o r c e   G r a d i e n t   P e r   A l t e r n a t o r   P o l e   P a i r  

Turb ine   Journa l   Bear ing   and  
Pe r   Po le   Pa i r   (Lb . /Mi l )  and  Adjacent   Pole  Pair Ad jacen t   Po le   Pa i r  

Average   S ta t ic   Force   Gradien t   Thrus t -End  Journa l   Bear ing  

A l t e r n a t o r  

* * 4 * Condi t ion  
Ana lys i s  R e s u l t s  Poles   (Mils)  Due t o   F o ( l b )  Poles   (Mi ls )  Due t o   F o ( l b )  Opera t ing  

P r e d i c t e d  by From T e s t   E c c e n t r i c i t y   o f   F o r c e  on  Brg. E c c e n t r i c i t y  of Force  on  Brg. 

No E x c i t a t i o n  

3.93 1.70  2 .73  3 .4   3 .23 11.0 3.33KVA, 1-phase ,   1 .0  PF 

3.93 1.98 2 .28   4 .1   2 .73  8.0 3.33KVA, 1-phase ,  1.0 PF 

5.625 3.48 2.82 7 . 7  3.42 22.0 12KW, 3-phase,  0 .8  PF 

5.625  3.22 2 . 8 7  6 .8   3 .45  22.0 12KW, 3-phase ,   0 .8  PF 

5.625  3.05  2.57 6 .4  3.00 16.0 12KW, 3-phase,  0.8 PF 

5.625  3.44 2.56 1 . 5  3.01 17 .0  12KW, 3-phase ,  0.8  PF 

2.67  2.71 5 . 5  3 .23  16 .5  6KW, 3-phase ,   0 .8  PF 

2.83 2.46 6 . 6   2 . 8 8  11.0 6KW, 3-phase ,  0.8 PF 

2.45 2 .70   5 .5   3 .22  13.5 3KW, 3 -phase ,   0 .8  PF 

- 2.19  2 .47  4 .4   2 .81 11.0 3KW, 3-phase,  0.8 PF 

3.82 1.82  2.67 4 .0   3 .16  10.0 E x c i t a t i o n   o n l y  

3.82  2 .01  2 .46  4 .6   2 .84 8.0 E x c i t a t i o n   o n l y  

0 0 2.42 0 2 .81  0 No E x c i t a t i o n  

0 0 2.30 0 2.64 0 

* The   expe r imen ta l   da t a  was o b t a i n e d   d u r i n g  tes t  w i t h   t h e   r o t o r   o r i e n t e d   v e r t i c a l l y   a n d   r o t a t i n g  a t  12 ,000  rpm. 
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Fig. V I I - 1 7  Calculated  and  Experimental  Performance of t h e   J o u r n a l  
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(Rotor Vertical) 
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BEARING AMBIENT CONDITIONS 
AIR AT 10.5 PSlA AND 110 F 
VISCOSITY 2.73 X 10-9 LB SEWN.* 

BEARING  GEOMETRY 
BEARING DIAMETER 3.5 IN. 
BEARING L/D 1.0 
BEARING  CLEARANCE  RATIO Cp/R 1.31 x IO-3 
NUMBER OF PADS 4 
PIVOT POSITION 0.65 

OPERATING CONDITIONS 
ROTOR ORIENTATION HORIZONTAL 
ROTOR SPEED 12,000 RPM 
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F i g .  VII-19 Ca lcu la t ed   and   Expe r imen ta l   Pe r fo rmance  of 
t h e   J o u r n a l   B e a r i n g   A d j a c e n t   t o   t h e   T h r u s t  
B e a r i n g  a t  Low P r e l o a d s   ( R o t o r   H o r i z o n t a l )  
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r 

res t  Eva lua t ion   o f   Hydrodynamic   Thrus t   Bea r ing   Pe r fo rmance  

D u r i n g   t h e   c o u r s e  of t h e  t e s t  program  which, as  p r e v i o u s l y   d e s c r i b e d ,  was 

p r i m a r i l y   d e s i g n e d   t o   e v a l u a t e   r o t o r - b e a r i n g   r e s p o n s e   t o   e l e c t r o m a g n e t i c   f o r c e s  

t h e   t h r u s t   b e a r i n g   p e r f o r m a n c e  was c o n t i n u o u s l y   m o n i t o r e d .   T h e   r o t o r - b e a r i n g  

r e s p o n s e   a n a l y s i s   a n d   c a l c u l a t i o n s   w h i c h  were p e r f o r m e d   y i e l d e d   v a l u e s  of  ampl i -  

t u d e   a n d   f r e q u e n c y   i n  a r a d i a l   d i r e c t i o n ,   t h e   a s s u m p t i o n   b e i n g  made t h a t   g e o -  

metric c e n t e r s   a n d   m g n e t i c   c e n t e r s   w o u l d   b e   c o i n c i d e n t   i n   t h e  axial  d i r e c t i o n  

a n d ,   t h e r e f o r e ,   a x i a l   m a g n e t i c a l l y   i n d u c e d   l o a d s   w o u l d   n o t   b e   e x p e r i e n c e d .  

The 216 d a t a   p o i n t s   i n   t h e  t es t  p l a n   i n v o l v e d   o p e r a t i o n  a t  bea r ing   ambien t  

p r e s s u r e s   o f   1 0 . 5  PSIA and 7 . 2  PSIA. Dur ing   t hese  t e s t s  the   hydrodynamic   t h rus t  

b e a r i n g   f i l m   t h i c k n e s s  was m a i n t a i n e d   a t   a p p r o x i m a t e l y  1.0 m i l  by a d j u s t i n g   t h e  

p r e s s u r e   l e v e l s   i n   t h e  two c a v i t i e s   p o s i t i o n e d   f o r e   a n d   a f t   o f   t h e   t u r b i n e  

wheel.  A q u a l i t a t i v e   i n d i c a t i o n  was o b t a i n e d   d u r i n g  t e s t  which   showed  tha t   f i lm 

t h i c k n e s s   i n c r e a s e d   w i t h   i n c r e a s e d   e l e c t r i c a l   l o a d .  

Dynamic v a r i a t i o n s i n   f i l m   t h i c k n e s s  were o f   n e g l i g i b l e   p r o p o r t i o n s ,   a p p r o x i m a t e l y  

50 mic ro inches ,   and  no d e t e c t a b l e   v a r i a t i o n s   o c c u r r e d   o v e r   t h e   r a n g e   o f   c o n -  

d i t i o n s   i n v o l v e d   d u r i n g   t h e  t e s t  program, 

R e s u l t i n g   f r o m   t h e   p r e v i o u s l y   d e s c r i b e d   i n d i c a t i o n  of a t h r u s t   l o a d   c h a n g e  

a s s o c i a t e d   w i t h  a change i n  e l e c t r i c a l  p o w e r   o u t p u t , a n   a d d i t i o n a l  t e s t  (Number 

7 )  was i n s t i t u t e d .   F o r   t h i s  t es t  t h e   s i m u l a t o r   c a s i n g s   a n d   t h e   c a v i t i e s   f o r e  

a n d   a f t   o f   t h e   t u r b i n e  were v e n t e d   t o   a t m o s p h e r e .   W i t h   t h e   s i m u l a t o r   i n  a 

v e r t i c a l   p o s i t i o n   ( t u l b i n e   e n d   u p p e r m o s t ) ,   t h e   l o a d  on t h e   t h r u s t   b e a r i n g  i s  t h e n  

t h e   w e i g h t   o f   t h e   r o t o r  (54.87 pounds) .   This   load  can  be  modif ied  by  two 

d i f f e r e n t   c o n d i t i o n s :   p r i m a r i l y , a   c h a n g e   i n   t h e   p r e s s u r e   d i s t r i b u t i o n   u p s t r e a m  

a n d   d o w n s t r e a m   o f   t h e   t u r b i n e   b u c k e t s ,   t h i s   c o n d i t i o n   o c c u r r i n g  as  a r e s u l t  of 

o p e r a t i n g   t h e   i m p u l s e   t u r b i n e  a t  o f f   d e s i g n   p o i n t  conditions;and,secondly, 

e l e c t r o m a g n e t i c a l l y   i n d u c e d   f o r c e s   d u e   t o   t h e  ax ia l  d i s p l a c e m e n t   o f   t h e   g e o -  

metric a n d   m a g n e t i c   c e n t e r s   o f   t h e   a l t e r n a t o r   r o t o r   a n d   s t a t o r .  
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T h e   o s c i l l o s c o p e   p h o t o g r a p h s   t a k e n  of t h r u s t   b e a r i n g   f i l m   t h i c k n e s s   d u r i n g   t h i s  

t e s t  are  shown i n   F i g u r e  VII-20. F i g u r e  VII-20 (A) s h o w s   t h e   b e a r i n g  f i l m  t h i c k -  

n e s s  a t  12,000 .RPM a n d  zero.  e x c i t a t , i o n .  . T h e   F i g u r e  VII-20 (B)  (C) a n d  (D) shows 

t h e   b e a r i n g  f i l m  t h i c k n e s s  a t  12,000 RPM a n d  e l e c t r i c a l  l o a d s  o f  3KW, 6KW, a n d  

1 2  KW (0.8 PF) r e s p e c t i v e l y .   F r o m   F i g u r e  111-20 a n d   t h e   d a t a   t a k e n   f r o m   t h e   t h i r d  

p r o b e  (FT31) u s e d  t o  a s c e r t a i n   t h r u s t   b e a r i n g   f i l m ,   t h i c k n e s s ,  i t  was d e t e r m i n e d  

t h a t  a f i l m  t h i c k n e s s   v a r i a t i o m o f  0 .2  mils e x i s t e d   b e t w e e n   t h e   t h r e e   c a p a c i t a n c e  

p r o b e   p o s i t i o n s   d u r i n g   e a c h   t e s t , a n d   t h a t   t h e   f i l m   t h i c k n e s s   i n c r e a s e d   b y  0 . 2  

mils b e t w e e n   t h e  zero  e x c i t a t i o n   a n d  1 2  KW t e s t  p o i n t s .   T h i s   c h a n g e   r e p r e s e n t s  

a t  t h e   f i l m   t h i c k n e s s e s   i n v o l v e d , a   r e d u c t i o n   i n   l o a d  o f  a p p r o x i m a t e l y  1 2  p o u n d s .  

Due t o   t h e   m o r e   t h a n   a d e q u a t e   f i l m   t h i c k n e s s e s   o b s e r v e d , n o   f u r t h e r   a t t e m p t s  were 

made t o  i d e n t i f y   t h e   s o u r c e  of t h e   f o r c e s   i n v o l v e d ,  i . e . ,  a l t e r n a t o r  a x i a l  

m a g n e t i c   f o r c e s  o r  t u r b i n e   w h e e l   p r e s s u r e   , d i s t r i b u t i o n .  
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(B) \ 
"AVERAGE FILM THICKNESS AT  CONDITIONS "AVERAGE FILM THICKNESS AT CONDITIONS 

OF ZERO EXCITATION 1,42 MILS OF 3 KW ELECTRICAL LOAD 1,59 MILS 

(C) \ 
\ (Dl  \ 

"AVERAGE FILM THICKNESS AT CONDITIONS *AVERAGE FILM THICKNESS AT CONDITIONS 
OF 6.0 KW ELECTRICAL LOAD 1.64 MILS OF 12a0 ELECTRICAL LOAD 1,68 MILS 

SENSITIVITY UPPER TRACES (PT-30) 0,302 MILS/MAJOR'DIVISION 
LOWER TRACES (PT-32) 0,317 MILS/MAJOR DIVISION 

TIME BASE ALL TRACES - 5 x 10-3 SECS/MAJOR DIVISION 

. .  

. 
"NOTE: FILM THICKNESS VALUES ARE THE AVERAGE OF THE 3 CAPACITANCE PROBE 

READINGS, THE SIGNALS FROM 2 OF THESE PROBES ARE SHOWN IN 

THESE FIGURES 

Fig.  VII-20  Oscilloscope  Photographs of the  Hydrodynamic 
Thrust  Bearing  Performance  Over a Range of 
Electrical  Load  Conditions.  Rotor  Vertical, 
Concentric  and  Mechanically  Balanced.  Speed 
12,000 RPM, 14.7 PSIA  Ambient  Pressure (Air) 



VIII.  CONCLUSIONS AND RECOMMENDATIONS 

A  gas-bearing  rotor  support  system  has  been  designed,  built  and  tested  by  MTI  for 
the NASA Brayton  Cycle  axial-flow  turboalternator  developed  by  P&WA  under 
prime  contract  from  the  NASA-Lewis  Research  Center.  The  design  was  experimentally 
evaluated  in  two  full-scale  rotor-bearing  system  test  rigs,  the  first  of  which 

1) exactly  simulated  the  design  of  the  turboalternator  bearing  system, 

2) very  closely  simulated  the  mechanical  configuration  and  physical  para- 

meters  of  the  turboalternator  rotor  (the  actual  turbine  and  alternator 
components  were  not,  however,  used),  and 

3) permitted  testing  of  the  rotor-bearing  system  under  operating  and 
environmental  conditions  similar  to  those  which  would  exist  in  the 

turboalternator. 

The  design  of  the  first  test  rig  did  not  utilize  a  high-temperature  turbine  or 

introduce  the  facilities  required  to  generate  electrical  power. 

The  rotor-bearing  system  design  performed  satisfactorily  and  successfully  passed 
the  required  P&WA  acceptance  tests. 

Analyses,  performed  to  determine  the  rotor-bearing  system  response  and  stability 
under  conditions  involving  the  electromagnetic  forces  attendant  upon  the 
generation  of  electrical  power,  showed  that  the  rotor  would be stable  and  the 
amplitudes  of  vibration  small. 

The  test  rig  was  then  rebuilt  to  incorporate  the  turboalternator  rotor  shaft 

and  alternator  stator.  The  tests  conducted  in  this,  the  second  test  rig,  involved 
both  the  generation  of  electrical  power  and  the  demonstration  of  electrical 

fault  conditions.  The  rotor-bearing  system  performed  satisfactorily  and 
demonstrated  that,  as  predicted  by  analysis,  the  system  was  stable  and the 

amplitudes of vibration  small.  In  addition,  the  rotor-bearing  system  was 
successfully  operated  at  increased  values  of  journal  bearing  clearance,  thereby 

reducing  the  bearing  friction  loss.  Further  tests  were  conducted  to  determine 

the  safe  boundaries  of  rotor-bearing  system  operation.  At  no  time  did  operation 
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become  marginal or hazardous  to  uninterrupted  operation. The rotor-bearing  system 

proved  to be  both  flexible  and  rugged. 

Specific  Conclusions 

Following is a  list  of  specific  conclusions  relating  to  the  design  of  the  turbo- 

alternator  rotor-bearing  system  as  documented in Section I1 of this  report. These 
conclusions  are,  of  course,  substantiated  by  the  test  results  documented  in 

Sections IV and VII. 

1) Hydrodynamic  Journal  Bearings 

Performance of the  journal  bearings was excellent  throughout  the  test 

program  and  in  reasonably  good  agreement with predicted  performance.  At 

no time  within  the  design  range  of  operation  was  either  instability  of 

the  journals  or  pivoted  pads,  or  simple  resonance  of  the  pads  or  flexures 

detected.  Attempts  to  initiate  instability  by  increasing  bearing  clear- 

ance were  unsuccessful;  however,  a  low  frequency pad  resonance  was 

discovered on  an unloaded  pad when operating  at  a  diametral  clearance  of 

2.5 mils  with  the  simulator  horizontally  oriented.  This  clearance  rep- 

resents  a 28 percent  increase  in  the  design  point  clearance. A low 

frequency  pad  and journal  resonance  was  also  noted  during  vertical 

operation  at  a  diametral  bearing  clearance of 3 . 4 2  mils.  This  clear- 

ance  represents  a 95 percent  increase  in  the  design  point  clearance.  At 

no time  during  the  test  program was  the  performance  of  the  rotor-bearing 

system  noticeably  affected  by the  electromagnetic  forces  resulting  from 

either the  generation of electrical  power  or  the  short-circuit  and 

unbalance-load  conditions  of  operation. Similarly,  addition  of  the 

prescribed  amounts,  of  turbine  unbalance  did not unduly  affect  bearing 

performance. 

Rotor-bearing  system  performance  under  conditions  involving 0 to 4.0 mils 

eccentricity between  the  alternator  rotor  and  stator  was  satisfactory 

at  .all  times. 
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Rotor-bearing  system  performance,  in  both  the  horizontal  and  vertical 

orientations,  was  satisfactory  under  conditions'  of  operation  involving 

the  increased  value  of  bearing  clearance  required  to  achieve  a  cal'culated 

15 percent  reduction  in  the  design-point  value  of  friction loss-given 

in  Table 11-2. 

2) Hydrostatic  Lift-off  Journal  Bearings 

Performance  of  the  hydrostatic  lift-off  journal  bearings  was  satisfactory 

at  all  times.  The  lift-off  bearings  should be used  during  startup  and 

shutdown  of  the  turboalternator  whenever  there  is  a  radial  component  of 

rotor  weight  acting  on  the  lower  pads.  The  supply  of  gas  to  the  bearings 

can  be  discontinued  at  rotor  speeds  in  excess  of 8,000 rpm.  The  use  of 

excessive  supply  pressures  should  be  avoided  as  the  lift-off  bearings 

are  capable  of  lifting  the  rotor  shaft  until  contact  is  made  with  the 

upper  pads.  The  selection  of  the  value  of  supply  pressure  appropriate 

to  any  particular.  rotor  orientation  in al-g gravitational  field  should 

be based  on  the  attainment  of  a  loaded-pad  film  thickness  of 0.4-0.7 mils. 
In a-zero-g gravitational  field  or  in  a  vertical  position,  the  lift-off 

journal  bearings  should  not  be  used. 

3) Hydrodynamic  Thrust  Bearing 

Performance  of  the  hydrodynamic  thrust  bearing  was  satisfactory  through- 

out  the  test  program,  the  test  results  being  in  quite  good  agreement 

with  predicted  results  at  design-point  conditions.  Under  off-design- 

point  conditions of operation,  the  Derformance  at  low  loads  was  in 

excess  of  the  predicted  performance;  whereas,  at  high  loads  the  perfor- 

mance  was  less  than  predicted.  An  overload  capacity  of 40 percent  at 
adequate  film  thickness  was  demonstrated  during  the  test  program. 

Performance  of  the  thrust  bearing  liquid-cooling  mechanishm  was  excellent, 

even  at  coolant,  flow  rates  less  than  150  pounds  per  hour.  Dimensional 

stability of the  aluminum  thrust  plate  over  the  14-month  test  period 

was,  from  all  operating  indications,  excellent. 



4 )  Main and Reverse Hydrostatic Thrust Bearings 

. .. 

Performance of  the main hydrostatic  thrust  bearing is slightly  better 

than predicted, while performance of the reverse thrust  bearing  falls 

slightly short of design values. Nonetheless, film  thickness of  the 

reverse thrust bearing at the  required startup.-load condition is more 

than adequate f0.r safe, reliable operation.. 

General Conclusions . .. . , .. . .  . 

! ,, . .  , . .  

Successful development of a reliable turboalternator gas-bearing ptor-su.pport 

system, at  least for static environmental conditions, appears to have  been  achieved 

to  the  point where gener.ation of electrical  power was. demonstrated.. .However, 

extensive testing of the actual turboalternator, ,unde-r.both static and dynamic 

environmental conditions, will be required  before  final  subs.tantiati,on  of  reliability 

can be made. . .  

The technological advancements directly related to gas-bearing turbomachinery  which 

have  been  incorporated  into tne design of  the  turboalternator were, for  the main 

part, conceived and developed during the  previousiy  completed NASA program  to 

deveiop a high-performance axial-flow turbocompressor, Reference 22.  A further 

advancement, appearing for  the  first time, which  has  been  incorporated  into  the 

turboalternator  journal  bearing design, is  the introduction of hydrostatic lift- 

off  capability  into the hydrodynamic  pivoted-pad  bearing. This feature was ac- 

complished without imposing unacceptable restraint on the  freedom  of  motion  of 

the pads, without interruption of the highly  stressed  pivot/seat  contact zone 

and without  the use of fatigue-prone gas supply piping. 

Initial  startup of the  simulator  took  place  in  November 1966. The final  test 

took  place  in  January  1967. The entire  test  program was conducted  without a 

single bearing rub or failure. 
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herein. 

1) 

2) 

Recommendations 

The following  recommendations  are  made  based  on  the  results of the  work  reported 

During  the  course  of  the  test  program,  the  occurrence  of  back-leakage 
via  the  hydrostatic  lift-off  journal  bearing  check  valve  was  noted.  No 
serious  deterioration  in  bearing  performance  resulted  from  this  occur- 
rence, It is  concluded  that  bearing  performance  may  well  prove  adequate 
without  the  check  valve;  therefore,  tests  should  be  conducted  to  confir4 

this  point. 

The  turboalternator  bearing  system  should  be  experimentally  evaluated 
under  the  various  operating,  and  non-operating,  vibration  and  shock 
conditions  designated  in  NASA  Specification  POO55-1 (see Appendix H). 

The  rotor-bearing  system  simulator  would  be  an  excellent  vehicle  with 
which  to  make  the  necessary  evaluations. 
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NOMENCLATURE 

c, cp Pad c l ea rance   ( r ad ius   o f   cu rva tu re   o f  pad  minus  radius  of  curvature 
of   journa l )  - inches  

Dif fe rence   be tween  the   d imens ion   f rom  the   bear ing   geometr ic   cen ter  
t o   t h e  pad s u r f a c e   ( a t   t h e   p i v o t   p o i n t )   a n d   t h e   j o u r n a l   r a d i u s   a t  
design  speed.  

D Diameter of j o u r n a l   o r   t h r u s t   b e a r i n g  - inches  

FHP Fr ic t ion   horsepower  

h H e a t   t r a n s f e r   f i l m   c o e f f i c i e n t  - BTU 

hr.-ft. '-F 

h Bear ing   f i lm  th ickness  - i nches  

k Thermal   conduct ivi ty  - BTU 
hr . - f t . -F  

KA 

Kf l ex  

A x i a l   s t i f f n e s s   o f   t h r u s t   b e a r i n g   g a s   f i l m  - l b . / i n .  

S t i f f n e s s   o f   p i v o t - s u p p o r t   f l e x u r e  - l b .   / i n .  

%'Kfi lm 

5 

R a d i a l   s t i f f n e s s   o f   j o u r n a l   b e a r i n g   g a s   f i l m  - l b . / i n .  

I 
A n g u l a r   s t i f f n e s s   o f   t h r u s t   b e a r i n g   g a s   f i l m  - i b . / i n .  

L Length  of   journal   bear ing - inches  
C, / R  

m J o u r n a l   b e a r i n g   p r e l o a d   r a t i o  -- 1 - - 
C p / R  
D 

N Rotor  speed - r e v o l u t i o n s  p e r  second 

N Resonant  frequency  of a j ou rna l   bea r ing   p ivo ted -pad   i n   t he   p i t ch  
P d i r e c t i o n  - r e v o l u t i o n s  p e r  second 

NR Resonant  frequency  of a j o u r n a l   b e a r i n g   p i v o t e d - p a d   i n   t h e   r o l l  
d i r e c t i o n  - revolu t ions   per   second 

'a Bearing  ambient   pressure - ps ia  

PS Hydros t a t i c   bea r ing   supp ly   p re s su re  - p s i a  

Q Bea r ing   hea t   gene ra t ion   r a t e  - - BTU 
h r  . 

R 

t 

R a d i u s   o f   j o u r n a l   o r   t h r u s t   b e a r i n g  - inches  

Thickness   of   journal   bear ing  pivoted-pad - inches .  
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T h  

T O  

T 
P 

TS 

W 

B 

‘b 

E 
P 

P 
e 

A 

U 

J I  

Tempera ture  of b e a r i n g   h o u s i n g  - F 
0 

R e f e r e n c e   t e m p e r a t u r e  of  bea r ing   sys t em  ( t aken  as  70 F i n   t h i s   r e p o r t )  
- F  0 

Average   t empera tu re  of p ivoted-pad  - F 

Average   t empera tu re  of j o u r n a l  - F 

0 

0 

B e a r i n g   l o a d  - pounds 

T o t a l   a n g u l a r   a r c  of one  pivoted-pad - d e g r e e s  

B e a r i n g   e c c e n t r i c i t y   r a t i o  

Pad e c c e n t r i c i t y   r a t i o  

A n g u l a r   d i s t a n c e   f r o m   t h e   l e a d i n g   e d g e  of  a pad t o  i t s  p i v o t   p o i n t  - d e g r e e s  

C o m p r e s s i b i l i t y  number 

V i s c o s i t y  - l b .  - s e c .   / i n .  

Pad a t t i t u d e   a n g l e  - d e g r e e s  

P i v o t - t o - b e a r i n g - l o a d   a n g l e  - d e g r e e s  

A n g u l a r   v e l o c i t y  - r a d i a n s l s e c o n d  

2 
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APPENDIX A: Ths-..Load.-Cazr--i-nnCapaci t y  and  Dynamic C o e f f i c i e n t s   f o r  a 
P a r t i a l   A r c  Gas J o u r n a l   B e a r i n g  

The p r e s s u r e s ,   p ,   g e n e r a t e d  by t h e   h y d r o d y n a m i c   a c t i o n   i n  a g a s   j o u r n a l   b e a r i n g  

f i l m ,  are de te rmined   f rom  Reyno lds '   equa t ion  [3] :  

H e r e , p  i s  t h e   g a s   d e n s i t y ,  p is t h e   v i s c o s i t y ,  o i s  t h e   a n g u l a r   s p e e d   o f   r o t a t i o n ,  

h i s  t h e   f i l m   t h i c k n e s s ,  R i s  t h e   j o u r n a l   r a d i u s ,  t i s  time, 8 i s  t h e   a n g u l a r  

c o o r d i n a t e   a n d  z i s  t h e   a x i a l   c o o r d i n a t e .   U n d e r   i s o t h e r m a l   c o n d i t i o n s ,  p c a n  

b e   r e p l a c e d  by p a s s u m i n g   t h a t   t h e   g a s   o b e y s   t h e   p e r f e c t   g a s  law. The e q u a t i o n  

i s  made d imens ion le s s   by   i n t roduc ing   t he   symbol s  

where p i s  t h e   a m b i e n t   p r e s s u r e ,  C i s  t h e   r a d i a l   c l e a r a n c e ,  tr i s  t h e   w h i r l  

f requency  and i = fi. F u r t h e r m o r e ,   i n t r o d u c e   t h e   p a r a m e t e r s  
a 

6 ' R Z  
C o m p r e s s i b i l i t y  number: A =  A (C) ra 
W h i r l   f r e q u e n c y   r a t i o :  r="" 3 

By means o f  t h e s e   d e f i n i t i o n s ,  E q .  ( A l )  can  be w r i t t e n  as  

The d i m e n s i o n l e s s   f i l m   t h i c k n e s s  i s  expressed   by  

i i  = I .+ E: ~~5 (e - c p >  
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where E i s  t h e   e c c e n t r i c i t y   r a t i o   ( t h e   r a t i o   b e t w e e n   t h e   j o u r n a l   c e n t e r   e c c e n t r i -  

c i t y  a n d   t h e   r a d i a l   c l e a r a n c e  c) and cp i s  t h e   a t t i t u d e   a n g l e ,   w h i c h  i s  t h e   a n g l e  

m e a s u r e d   f r o m   t h e   p a d   l o a d   l i n e   t o   t h e   l i n e   c o n n e c t i n g   t h e   b e a r i n g   a n d   j o u r n a l  

c e n t e r s .  The a n g u l a r   c o o r d i n a t e  8 i s  a lso m e a s u r e d   f r o m   t h e   l o a d   l i n e .  

F o r   c o n v e n i e n c e   i n   t h e   n u m e r i c a l   e v a l u a t i o n   o f  Eq. ( A 8 ) ,  d e f i n e  

Q = ( P I d  
whereby  Eq. (A8) becomes 

(A-10) 

T h i s   e q u a t i o n  i s  t o   b e   s o l v e d   f o r   b o t h   s t a t i c   a n d   d y n a m i c   c o n d i t i o n s   b u t  

t h a t   t h e   a m p l i t u d e  o f  the  dynamic  motion i s  k e p t  small. L e t  t h e   j o u r n a l  

o p e r a t e   a t  a s t e a d y - s t a t e   e c c e n t r i c i t y   r a t i o  E w i t h  a c o r r e s p o n d i n g   a t t  

a n g l e  'po. The c o r r e s p o n d i n g   d i m e n s i o n l e s s  f i l m  p r e s s u r e  is P and  the d 

f i l m   t h i c k n e s s  i s  

0 

0 

such  

c e n t e r  

i tude  

i m e n s i o n l e s s  

(A-12)  

Assume t h a t   t h i s   s t e a d y - s t a t e   p o s i t i o n  i s  per turbed   by  a harmonic ,   smal l   ampl i tude  

m o t i o n   w i t h   f r e q u e n c y  V .  A t  t h e   b e a r i n g   c e n t e r p l a n e ,  l e t  t h e   a m p l i t u d e s   b e  E and 

cp w h e r e   b o t h   q u a n t a t i e s   a r e   c o m p l e x ;  
1 

1 

E, = qr + t' t , ;  (A-13)  

a n d   s i m i l a r l y   f o r  cp This   symbolism i s  a n   a b b r e v i a t i o n  of 1' 

(A-14)  

I n   a d d i t i o n ,   t h e   a x i s   o f   t h e   j o u r n a l   p e r f o r m s  a h a r m o n i c ,   s m a l l   a n g u l a r   m o t i o n  

d e s c r i b e d   b y   t h e   a n g l e  a which i s  a r o t a t i o n   a r o u n d   t h e   t a n g e n t i a l   d i r e c t i o n ,  

and by t h e   a n g l e  at ,  which i s  a r o t a . t i o n   a r o u n d   t h e   n e g a t i v e   r a d i a  1 d i r e c t i o n .  

Thus ,  a t  t h e   a x i a l   d i s t a n c e   f r o m   t h e   b e a r i n g   c e n t e r p l a n e ,   t h e   e c c e n t r i c i t y   r a t i o  

- 
r y  - 

E a n d   t h e   a t t i t u d e   a n g l e  (4) a r e   g i v e n  by 

L'= E , + € ,  + p r  (A-15) 

I 



(A-16) 

d, = O(.t 
R -  

By substitution from E q s .  (A15) and (A16) Eq. (A9) becomes 

The resulting  perturbation lii the  dimensionIess f i l m  pressure  can be written .. 

where Pl to P are complex quantities and independent of time. TJith these two 

equations E q .  (A10) becomes' 
4 
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Introducing  Eqs.  (A18) and (A20) i n t o  Eq. ( A l l )  , a n d   c o l l e c t i n g  terms in   acco rdance  

w i t h   t h e   p e r t u r b a n c e   v a r i a b l e s ,   r e s u l t s   i n   t h e   f o l l o w i n g   s e t s   o f   e q u a t i o n s :  

O f  t hese   equa t ions ,   t he  f i r s t  i s  the   conven t iona l ,   s t eady- s t a t e   equa t ion .  I t  

i s  non-linear  and i s  s o l v e d   n u m e r i c a l l y   i n   f i n i t e   d i f f e r e n c e   f o r m  by a n   i t e r a t i v e  

procedure  developed  by Castelli and P i r v i c s  [ 1 7 ] .  It is d e s c r i b e d   f o r   r e f e r e n c e  

i n  Appendix B. The las t  fou r   equa t ions   depend   on   t he   s t eady- s t a t e   so lu t ion ,  Q 
and i t s  d e r i v a t i v e s .  They a re   l i nea r   equa t ions   bu t   w i th   complex ,   i ndependen t  

v a r i a b l e s .  The s o l u t i o n  is ob ta ined   numer i ca l ly   f rom  f in i t e   d i f f e rence   equa t ions  

as descr ibed   in   Appendix  C. 

0' 

The boundary  condi t ions  for   Reynolds '   equat ion,  Eq. ( A l ) , a r e   t h a t   t h e   p r e s s u r e  i s  

equa l   t o   ambien t   a long   t hepe r iphee   o f  the pad: 
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I n  terms of  the  dimensionless  variable Q, these  conditions  can be expressed by 

(No t e  : 
QO , 

of  < I .  

Once Q has 

gra t ion  of 

t angent ia l  

center:  

Q, and Q, a r e  even functions  of < whereas Q and Q a re  odd functions 3 .4 

been  obtained,  the  result ing hydrodynamic force i s  computed  by i n t e -  

the  f i lm  pressure.  The force is  given a r a d i a l  component Fr and 

component F with respect to   the   s teady-s ta te   pos i t ion   o f   the   journa l  t 
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o r ,  in  dimensionless form, making use of Eq. ( A 1 9 ) :  

This  equation  defines a f i r s t   o rder   Taylor   se r ies   expans ion  o f  f and f around 

the  s teady-state   posi t ion.   For   abbreviat ion,   wri te  
r t 

By comparing E q s  . ( A 3 4 )  and (A35)  , and making use  of E q s .  (A21)  to (A23)  , the 

c o e f f i c i e n t s  become 
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The r e s t o r i n g  hydrodynamic moment has   the two components T and Tt 

expressed   in   d imens ionless   form similar to   t he   d imens ion le s s   fo rce  
r 

F 

which  can be 

components: 

Noting,  that   the  hydrodynamic moment i s  z e r o   u n d e r   s t a t i c   c o n d i t i o n s ,   t h e  

r e s t o r i n g  moment can  be  expressed  as  a f i r s t   o r d e r   T a y l o r   s e r i e s   a s  

Comparing Eqs. (A391 and (A40) , and  making  use  of E q s .  ( A 2 4 )  and (A25), y i e l d s  

I n  o r d e r   t o   r e f e r   t h e  dynamic c o e f f i c i e n t s   t o  a coordinate   system whose o r i e n t a -  

t i o n  i s  independent   of  a p a r t i c u l a r   s t e a d y - s t a t e   j o u r n a l   c e n t e r   p o s i t i o n ,  a 

{ -q  coord ina te   sys tem is  i n t r o d u c e d   w i t h   o r i g i n   a t  ( ~ ~ , q : ~ )  and  with  the  {-axis  

a l o n g   t h e   l i n e  of  t h e   s t a t i c   l o a d  on t he  pad ( i . e .   f o r  a t i l t i n g   p a d ,   t h e   < - a x i s  

passes   th rough  the   p ivot   po in t ) .  L e t  the   journa l   cen ter   ampl i tudes  , normalized 

wi th   r e spec t   t o   t he   r ad ia l   c l ea rance ,   be  { and q a t   t h e   c e n t e r p l a n e  of  the   bear -  

ing.   Hence,   the   t ransformation of the  motioti becomes 
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or 

S i m i l a r l y ,   t h e   d i m e n s i o n l e s s   c o m p o n e n t s  of t h e   t o t a l   f o r c e   a c t i n g   o n   t h e   j o u r n a l  

a re 

where  W i s  t h e  s t a t i c  pad load   and  w = W/p LD 
a 

Expand f and f i n   f i r s t   o r d e r   T a y l o r  ser ies  a r o u n d   t h e   s t e a d y - s t a t e   p o s i t i o n :  5 "I 

S u b s t i t u t i n g   E q s .  (A35)  and (A44) i n t o   E q s .  ( A 4 5 )  and(A46)   and   compar ing   w i th  

Eq. ( A 4 7 ) ,  r e s u l t s   i n  
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S e t  

and s i m i l a r l y   f o r  Z and Z . Next,  l e t  t he   ac tua l   j ou rna l   cen te r   ampl i tudes  

be 5 = C( and q = C q  and   expres s   t he   ac tua l   fo rces   i n   t he i r   Tay lo r  series ex; 

pansion: 

- - 5.rl' ZT15 11 TI 

- - 
Since ( and a re   ampl i tudes   o f  a harmonic  motion  with  frequency V ,  5% = i v z  and 

d t  
&.L = ivq.  Thus,  comparing  Eqs. (A47) and(A52)  and  making  use  of Eq . (A51)' t he  d t  

- 
- 

dimens ionless   coef f ic ien ts   can   be   expressed   as  

and  analogously  for  K t q >  B t q ,  e t c .  

The d e r i v a t i o n  of  the  dynamic moment c o e f f i c i e n t s   f o l l o w s   t h e  same l i n e s .   L e t   t h e  

moment a c t i n g  on the   j ou rna l   i n   t he   ( -p l ane   be  T and i n   t h e   q - p l a n e  T Then, 5 11' 
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- 
The angu la r   d i sp l acemen t s   o f   t he   j ou rna l   ax i s   a r e  and a I n   d i m e n s i o n l e s s  

form  they are r e l a t e d   t o   t h e   a n g u l a r   d i s p l a c e m e n t s  Mr and C! b y   r e l a t i o n s h i p s  

s i m i l a r   t o  Eq . (A44) : 

dz  dz’  

t 

r h u s ,   i f  t5 and t a r e  expanded i n   T a y l o r   s e r i e s   a s  
7 

the   Y-coeff ic ients   can  be  determined by s u b s t i t u t i n g  E q s .  (A40) and (A56) i n t o  

Eq. (A35) and  comparing  with Eq. (A57) .  The r e s u l t i n g   e x p r e s s i o n s   a r e   i d e n t i c a l  

to Eqs. (A50) with  Z everywhere  replaced by Y.  

De f i n e  

and s i m i l a r l y   f o r  Y t q a  Y,,< and Y To e x p r e s s   t h e s e   d i m e n s i o n l e s s   c o e f f i c i e n t s  

i n  terms of a c t u a l   c o e f f i c i e n t s ,  expand  the moments T and T i n to  Taylor  series: 
tl?’ 

5 7 

-G= - 
+ 
I,= - 

For a harmonic  motion 

E q s .  (A57)  and ( A 5 9 ) ,  

(A59) 

t he   d imens ion le s s   coe f f i c i en t s  become 
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and analogously f o r  G 
57’  D5rl’ etc. 
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APPENDIX B: The  Numerical S o l u t i o n - o f   t h e   S t e a d y - S t a t e  Gas  Film  Pressures 
by F in i t e   D i f f e rence   Equa t ions  

Reyno lds '   equa t ion   fo r   s t eady- s t a t e   ope ra t ing   cond i t ions  i s  d e r i v e d   i n  Appendix A 
where i t  i s  given  in   dimensionless   form  by Eq. (A26). The independen t   va r i ab le  

i s  Q which   def ines   the   f i lm  pressure  by  means o f  Eq.  (A21). It i s  s e e n ,   t h a t  

Reynolds'  equation is  n o n - l i n e a r   s i n c e v Q   a p p e a r s   i n   t h e   c o e f f i c i e n t   t o  '0 . 
Thus,   the   equat ion i s  s o l v e d   b y   i t e r a t i o n .  An i n i t i a l   g u e s s   o f  fi0 = Ho 

i s  made a f t e r  which  Reynolds '   equation becomes l i n e a r  and  can  be  solved  as 

desc r ibed   i n   t he   fo l lowing .   Hav ing   ob ta ined  a f i r s t   a p p r o x i m a t i o n   t o   t h e   s o l u t i o n ,  

a new va lue   o f  tK can  be computed  and used   for  a second  ca lcu la t ion   of   Reynolds '  

equa t ion .   This   p rocess  i s  r epea ted   un t i l   t he   d i f f e rence   be tween  two success ive  

i t e r a t i o n s  i s  sma l l e r   t han  a n  a r b i t r a r i l y   s p e c i f i e d   e r r o r .  

0 
" 

0 ae 

With 6 given   for   any   one   par t icu lar   ca lcu la t ion ,   Reynolds '   equa t ion  i s  converted 

i n t o  a f i n i t e   d i f f e r e n c e   e q u a t i o n  and  solved  numerical ly .   Set  
0 

whereby  Eq. (A26) can be w r i t t e n  a s  

In t roduce  a f i n i t e   d i f f e r e n c e   g r i d   w i t h   j - a x i s   a l o n g   t h e   € ) - d i r e c t i o n  and wi th  

lead ing   edge ,  j = M 

N a t   t h e   c e n t e r p l a n e  

and n inc remen t s   i n  

i - a x i s   i n   t h e   n e g a t i v e   [ - d i r e c t i o n   s u c h   t h a t  j = 1 a t   t h e  

a t   t h e   t r a i l i n g   e d g e ,  i = 1 a t   t h e   s i d e   o f   t h e  pad  and i = 

of   the   bear ing .   There   a re  m i n c r e m e n t s   i n   t h e   j - d i r e c t i o n  

t h e   i - d i r e c t i o n  where 

r n = ~  - 1  

n =  N-i 
The l eng th   o f   t he   i nc remen t s   a r e   g iven  by 
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036)  
Hence,   dropping  the  subscr ipt  0 f o r  Q Eq. (B3) c a n   b e   w r i t t e n   i n   f i n i t e  

difference  form  as  
0) 

For a p a r t i c u l a r   v a l u e   o f  j t h i s   equa t ion   can   be   wr i t t en   i n   ma t r ix   fo rm  a s  

where A B .  and C .  a r e  

set up these   ma t r i ces ,  

i n  Eqs. (A31) and (A32) 

t h e   i - d i r e c t i o n   a r e  

j' J J 
squa re   ma t r i ces ,  and F and d a r e  column v e c t o r s .  To 

j j 
in t roduce   the   boundary   condi t ions   g iven   in   Appendix  A 

. In f i n i t e   d i f f e r e n c e   f o r m ,   t h e   c o n d i t i o n s   f o r  Q i n  
0 

2. 

4 '= 'Jo, (note :  H 0 i s  independent  of i )  (B9) 

(BIOI 

With  these  conditions,   Eqs.  (B7) and (B8) can  be  used  to  determine  the  matrix 

e lements .  The mat r ices  become 
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Hence, d j  is the   i ndependen t   va r i ab le   whereas   t he   o the r   ma t r i ces   a r e  known. 

To so lve  Eq. (B8) , d e f i n e  a r e c u r r e n c e   r e l a t i o n s h i p :  

where D i s  an  n x n square  matr ix   and E i s  a column v e c t o r .   L e t t i n g   t h i s  

equa t ion   de f ine  D and E s u b s t i t u t e  Eq. (B16) i n t o  Eq. (B8) t o   g e t  
j j 

j j '  

These two e q u a t i o n s   e s t a b l i s h   r e c u r r e n c e   r e l a t i o n s h i p s   f o r   t h e   D - m a t r i c e s  and 

the  E-vectors.   Before  they  can  be  used,  however,   the  boundary  conditions i n  

t h e   j - d i r e c t i o n  must  be  introduced. They derive  from E q .  (A31) in Appendix A .  

Eq. (B19) can be s a t i s f i e d  by s e t t i n g   ( s e e  Eq. (B8) ) :  

A ,  = idekt ; t r  fiatr4.g 

'B, = Qi) 

Hence,  from  Eq. (B17) and (B18), 

'D, ,= 0 

E, = F, =4, 
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Thus, E q s .  (B17) and (B18) can  be  used  to  compute D and E s t e p  by s t e p ,   l e t t i n g  

j go  from j = 2 t o  j = m = "1. Since  from E q .  (B20), 
j j 

E q .  (B16) allows  computing 6 b y   l e t t i n g  j go from j = M t o  j = 3 .  I n  t h i s  

w a y , a l l   t h e   v e c t o r s  d have  been  obtained  and,   thereby,  Q i s  known a t   a l l  

g r i d p o i n t s .  

j -1 

j 0 

The convergence  of t h e  i t e r a t i v e   p r o c e d u r e ,   i t e r a t i n g   o n  \Fo, i s  achieved when 

where k g i v e s   t h e   i t e r a t i o n  number. 

Once Qo i s  computed ,   t he   s t a t i c   l oad  on the  pad i s  c a l c u l a t e d  by i n t e g r a t i n g   t h e  

f i l m   p r e s s u r e s .  The dimensionless   force  components ,  and f t o ,   a r e   g i v e n  in 

Appendix A ,  E q .  ( A 3 6 ) .  The i n t e g r a t i o n  i s  performed  numerical ly ,   us ing  Simpson's  

r u l e   o f   i n t e g r a t i o n .  The dimensionless  pad load W = W/p LD and t h e   s t e a d y - s t a t e  

a t t i t u d e   a n g l e  (po are  then  found  from E q s  . ( A 4 8 )  and ( A 4 9 )  . 

1'0 

- 
a 
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4PPENDIX C: T h e   N u m e r i c a l   C a l c u l a t i o n  of t h e .  Dynamic C o e f f i c i e n t s   f o r   t h e   P a d  
Gas J o u r n a l   B e a r i n g  

To c o m p u t e   t h e   d y n a m i c   c o e f f i c i e n t s   f o r   t h e   p a d ,  i t  i s  n e c e s s a r y  t o  s o l v e   f o r  

the f o u r   p e r t u r b e d ,   d i m e n s i o n l e s s   p r e s s u r e s ( Q  , Q 2 ,  Q,, and  Q )as d e s c r i b e d   i n  

Append ix  A .  T h e   f o u r   v a r i a b l e s  a re  g i v e n   b y   E q s .  (A27) t o  (A30) . These  

e q u a t i o n s  have the common form,  

4 

where 

and  f s t a n d s   f o r   t h e   r i g h t - h a n d  s i d e  o f   E q s .  (A27) to (A30). I t  i s  s e e n   t h a t  

f i s  a f u n c t i o n   o f  Q . 7 0 

7 

I n t r o d u c e  a f i n i t e   d i f f e r e n c e   g r i d   w i t h   j - a x i s   a l o n g   t h e   8 - d i r e c t i o n   a n d   i - a x i s  

i n   t h e   n e g a t i v e   < - d i r e c t i o n   s u c h   t h a t  j = 1 a t  t h e   l e a d i n g   e d g e  (@=e ) , j = M 

a t  the  t r a i l i n g   e d g e  ((3 = 8 ) , i = 1 a t  t h e   s i d e   o f   t h e  pad (< = -) and i = N 

a t  t h e   c e n t e r p l a n e   o f   t h e   b e a r i n g  (< = 0 ) .  T h e r e   a r e  m = ("1) i n c r e m e n t s   i n  

t h e   j - d i r e c t i o n   a n d  n = ( N - 1 )  i n c r e m e n t s   i n   t h e   i - d i r e c t i o n .  T h e   i n c r e m e n t s   a r e  

L 
2 D 

1 

T h e r e b y  E q .  (Cl) c a n   b e   w r i t t e n   o n   f i n i t e   d i f f e r e n c e   f o r m  as 
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For a p a r t i c u l a r   v a l u e  of  j ,  t h i s   e q u a t i o n   c a n  be w r i t t e n   i n   m a t r i x  form as  

where U. V B and  C. a r e   s q u a r e   m a t r i c e s ,  and F and d .  a r e  column v e c t o r s .  

d j  i s  complex: 
J '  j '  j '  J j J 

where cp and $ a r e  column v e c t o r s .  
j j 

To s e t  up the  matr ices   in   Eq.   (CS),   the   boundary  condi t ions  given by Eqs. (A31) 

and (A32) , Appendix A ,  are   used .   These   equat ions   spec i fy   the   va lues   o f  q a long  

t h e   p e r i p h e r y  of the  pad  such  that  q and q a r e  known. Furthermore,  

from Eq. (A32) 
Ij' i M  

UW, LC,: qv+,,j  - qv-,,] 

Thus,  the  matrices  can  be  determined  from  Eqs.  (C7) and(C8) : 
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For q = Q, and q = Q 2' 

I 
0""- 

I I 

I \ I 

255 



For q = Q, and q = Q r educe   t he   s i ze   o f   t he  Ujy,V B .  and C .  m a t r i c e s   t o  

(n - l )x (n -1 )   by   de l e t ing   t he   l a s t  row a n d   t h e   l a s t  column i n  each   mat r ix .   Fur ther -  

more,  reduce F t o  a (n-1)-vector  by d e l e t i n g   t h e   l a s t   e l e m e n t .  

4' j' J J 

j 

I n   t h i s  way,  Eq. (C8) e s t a b l i s h e s  a ma t r ix   equa t ion   fo r   de t e rmin ing   t he  unknown 

d .  = cp. + i  Ir . D e f i n e   t h e   r e c u r r e n c e   r e l a t i o n s h i p s :  
J J  j 

where D and G a r e   squa re   ma t r i ces ,   and  E and H a r e  column v e c t o r s .   L e t t i n g  

these   equat ions   def ine  D j ,  G j  , E j  and H s u b s t i t u t e  Eq. ( C 1 7 )  i n t o  E q .  (C8) 

t o  ge t  

j j j j 

j' 

(C18) 

(C19)  

E, = i,-, [ 5 .- 8' E,-, 1 .- I$-, 8, CI ,.-, (C20) 

I-t;=-K,-, EJ -I-,-, 8, I{,-, (C21) 

where 
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Eqs. (C18)  to (C21)  establish recurrence formulas for calculating D G E. and 

H . Since q is on the  leading edge and known from E q .  (A31) , Eq. (C17)  shows 
j’ 3 ’  J 

j il 
that 

Dl .= Gf, = H, ’= 0 

Thus Eqs. (C18) to (C21) can be  used to calculate D G E. and H letting j 

go from j = 2 to j = m = M - 1 .  Next, with q given by  Eq.  (A31) , the condition 
j’ j’ J j’ 

iM 
at the trailing  edge is 

Thereby Eq. (C17) can be  employed to compute cpj-l and @j-l, letting j go from 

j = M to j = 3, and in this way q is obtained at all  gridpoints as a complex 

quantity. Finally, the 8 dynamic coefficients are calculated by a numerical 
integration of q as  defined  by E q s .  (A37) , (A38) , (A41)  and  (A42) , Appendix A .  

ij 
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APPENDIX  D: The Dynamic  Coefficients  and  the Response-of the  Shoes in a  Tilting 

Pad  Journal  Bearing 

When  the  static  bearing  reaction  is known and  the  rotor  speed  is  specified, the 

corresponding  static  inclination  of  each  shoe  in  the  tilting-pad  bearing  can be 

determined. Hence, the  steady-state  operating  eccentricity  ratio  is  known  for 

each shoe and  also  the  corresponding  dynamic gas  film  coefficients  as  shown in 

Appendix A, i.e., zff , Zf,? , zqf and 2,,?are known.  These  coefficients,  however, 

must be modified  to  account  for  the  dynamic motion of the  shoe  where  the  shoe 

pitches  on  its  pivot  and  is  flexibly  mounted in the  radial direction. 

- - - 

Consider  as  previously  done  in  Appendix A, a  f-?-coordinate  system  with  origin 

in the  steady-state journal  center  position  and  with  the {-axis passing  through 

the  pivot  point. The  journal  center  dynamic  amplitudes  are 5 and , the  center 
of  the  pad  arc  has  the  amplitude .TP and  the  pad  has  the  radial  amplitude fp  . 
When  the  pad  mass  is m the  mass  moment  of  inertia of the  pad  is I around an 

axial axis  passing  through  the  pivot  point ( the  pitch  axis)  and  the  stiffness  of 

the  flexible  mount  is K the  equations of motion  for  the pad are 

7 - 

PY P 

P' 

where R is  the  pad  radius.  Assume  the  motion  to  be  harmonic  with  frequency Y 

and  define  a  complex notation by 

which  is  an  abbreviated  form  of 
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e tc . ,  These   equat ions  are r e a d i l y   s o l v e d   t o   g e t :  

where : 



The forces  acting on the  journal are of  course  the  same  as  the  ones  acting 

on  the  pad, see eqs. (D-5) and (D-6). Hence, 

(D-10) 

where  the  coefficients  on  the  right  hand  side are found  by  substitution  from 

E q s .  (D-8) as: 

(D-11) 

These  coefficients  then  make  it  possible  to  express  the  pad  reactions F .- f 
and  F  directly in terms  of  the journal  center  amplitudes 5 and 3 by  means  of 
Eqs. (D-10). However,  the  coefficients  from  all  the  pads  must  be  combined  in 

7 

order  to  represent the  composite  bearing  by  a  single  set  of  coefficients.  For 

this  purpose,  introduce an x-y-coordinate  system  with  origin  in  the  steady-state 

position  of  the  journal  center,  the  x-axis in the  load  direction  and  the  y-axis 

perpendicular  to  this  direction.  When  the  angle  between  the  negative  x-axis 

and  the  f-axis  for  the k 'th  pad  is v!,  the  transformation  equations  are 

where 2 and 3 are  the  journal  center  amplitudes, and  Fxk  and  F  are  the  dynamic 

forces  by which  the pad  film  acts on the  journal.  When  the  total  bearing  reactions 

are  F  and  F  they  can be  written 

- 
Yk 

X Y, 

(D-13) 
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(D-14) 

- 
Similarly,  in  the  rotor  response  calculation  the  slope  amplitudes  dx/dz  and 

dz are computed.  By  means of q s .  (D-12)  they  can  be  transformed  into d9 1 

dfldz and  and  the  moments  acting on the  pad  become  (see  Appendix A, 

Eqs. (A-58)  and  (A-59)) : 

- 

(D-15) 

(D-16) 



Introducing Tr and T? 'from' Eq . (D-15) the  solut ion  can  be  expressed  analogously 

where 

(D-17) 

(D-18) 
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APPENDIX E - Reduct ion-of   the   Magnet ic   Force   da ta   f rom-the   Genera l   E lec t r ic  Company 

The magnet ic   forces   imposed  on  the  rotor  by t h e   a l t e r n a t o r  are ca lcu la ted   by  

the  General  Electric Company. The coordinate  system  chosen by G.E. h a s   t h e  

y-axis vertical  and the   x -ax i s   ho r i zon ta l   w i th   o r ig in   i n   t he   magne t i c   cen te r ,  

and   t he   ro to r   pos i t i on  is  measured by t h e   e c c e n t r i c i t y   d a n d   t h e   a n g l e   b e t w e e n  

the y-ax i s   and   t he   d i r ec t ion   o f   eccen t r i c i ty :  
B 

t% Rotor   center  

S t a t o r   c e n t e  P.Y 

G.E.  g i v e s   t h e   r e s u l t s   f o r   t h e  components  F(y)  and  F(x) of t h e   f o r c e   a c t i n g  

o n   t h e   s t a t o r .  The f o r c e   a c t i n g  on the   ro to r   has   t hen   t he   oppos i t e   s ign .  

Fu r the rmore ,   i n   t he   ana lys i s  of ro to r   r e sponse  and s t a b i l i t y   t h e   c o o r d i n a t e  

system is d i f f e r e n t :  

X 
Thus ,   t he   fo rces   ac t ing   on   t he   ro to r   a r e  Fx and F which are r e l a t e d   t o   t h e   f o r c e s  

F(y)  and  F(x)  obtained by G.E.  by 
Y 

6 = - F(yj 
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N 

E =  LC 
J 0 =o 

where W is 

= r-power angle  (the  power  angle  is  the  electrical  angle  between  load 

current  and  direct  axis  magnetizing  current).  These  equations  are  valid  for 

all  the  six  operating  conditions  calculated  by G. E .  except  that  in  the  case 

of  a  single  phase fault,m is  replaced  by  some  other  value  which  is  not 

necessarily  a  multiple of . f v 
For  use  in  the  rotor  analysis, E qs. (E-2) and (E-3)  are  rewritten  by  introducing 

03-41 

and  the  analogous  ones  for  the  other  trigonometric  functions,  and  noting  from 

the  figure  above  that 
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where   t he   de f in i t i on   o f  An and Bn is obvious by comparing EqS. (E-8) wi th  

Eqs. (E-6) and  (E-7). It is s e e n ,   t h a t   i n   t h e   g e n e r a l  case, A and B depend 

on x and y s u c h   t h a t   e v e n   i f  6-Jxz.y' i s  kep t   cons t an t ,  A and B v a r i e s  when 

p is changed.  This is  t r u e   i n   t h e   t h r e e   " s h o r t   c i r c u i t "  cases analyzed  by 

n n 
n n 

G.E. However, i n   t h e   o t h e r   t h r e e  cases where  the  load is  balanced,  i t  is  found 

t h a t  

-Fw n =O ! ao,, = bob = 0 

{ O r  nhI : dhm " bnb = 0 
balanced  load 

/ I 

Thereby E qs. (E-4) y i e l d s  

o r  by  making use  of .. E qs. (E-5) 

(E-10) 

balanced  load 
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Hence, as would  be  expected  for a balanced  a l ternator   load,   each  f requency 

component of t he   fo rces   has  a magnitude  which  only  depends  on  the  eccentr ic i ty .  

The phase  angle  between  the  frequency  components,  however,  depends  on , b u t   i n  

t h e   p r e s e n t  case t h i s  is  of   no  importance  s ince  in  a l l  t he   t h ree   ba l anced   l oad  

cases t h e r e  i s  only  one  f requency (i. e., n=l)  . Thereby, a change i n  ,6 simply 

means a change i n  time base  which,   of   course,   in   no way i n f l u e n c e s   t h e   r o t o r  

r e s p o n s e   r e s u l t s .  On t h e   o t h e r   h a n d ,   i n   t h e   t h r e e   " s h o r t   c i r c u i t "  cases it  is  

n o t   p o s s i b l e   t o   o b t a i n   e x p r e s s i o n s   s i m i l a r   t o  E q s .  (E-10) and f o r   t h o s e   c o n d i t i o n s  

the   r e sponse   o f   t he   ro to r   depends ,   a t  least t h e o r e t i c a l l y ,  on p . I n   t h e   p r e s e n t  

c a l c u l a t i o n s ,  i t  is assumed t h a t   t h i s  dependency i s  of l i t t l e  p h y s i c a l   s i g n i f i c a n c e  

and p has  been s e t  e q u a l   t o   z e r o .   ( i . e .  x=& ' .=o ) .  
17  

F o r   t h e   a n a l y s i s   o f   r o t o r   s t a b i l i t y  i s   i s  necessa ry   t o  use the   g rad ien ts   o f   the  

magnet ic   forces .  They can   be   ob ta ined   d i rec t ly   f rom E q s .  (E-6) and (E-7) : 

(E-12) 

(E-13) 
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Therefore ,   for   balanced  load,  

(E-14) 
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APPENDIX F: Analys is   o f   Rotor   S tab i l i ty   wi th   Magnet ic   Forces  

To i l l u s t r a t e   t h e   s t a b i i i t y  problem f o r  a ro to r   w i th   magne t i c   fo rces ,   cons ide r  

f i r s t  a simplified  model,  namely a symmetric, r i g i d   r o t o r   s u p p o r t e d   i n  two 

i d e n t i c a l   b e a r i n g s .  L e t  t h e   r o t o r  mass be My t h e  combined   bear ing   s t i f fness  

K, t h e   r o t o r   a m p l i t u d e  X ,  and l e t  the   magnet ic   force   be   represented  by 

- [ I ) , + Q , C * S ( f i t ) ] X  where& i s  the  f requency  of   the  magnet ic   force.  Then t h e  

equat ion  of motion is  

where  any  bearing damping has   been  ignored.   This   equat ion is  the   s t anda rd  

Math ieu   equa t ion   wh ich   has   been   t r ea t ed   ex tens ive ly   i n   t he   l i t e r a tu re   (Re fe r -  

ences 18  through  21) . I t   has  an i n f i n i t e  number of i n s t a b i l i t y  zones  which may 

be shown g r a p h i c a l l y  as 

22 
Zw, - - - 1 . 1  54 f i I 
- 

where Cc is  t h e  c r i t i c a l  speed  of   the  rotor ,  

R 
The shaded  regions are t h e   i n s t a b i l i t y   z o n e s .  They are c e n t e r e d   i n  zL=j,i,$,"- 
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The frequency  of   the  magnet ic   force is a mult iple   of   the   angular   speed 

b of t h e   r o t o r   a n d   u s u a l l y  .fi = s u c h   t h a t   t h e   a b s c i s s a  becomes &<, = ac L 
Hence, f o r  a g iven   ro tor   the   absc issa   s imply   represents   the   speed   of   the   ro tor .  

I n   t h e   p r e s e n t   i n v e s t i g a t i o n   t h e   r o t o r   o p e r a t e s   a b o v e  i t s  f i r s t  cr i t ical  speed 

and i t  is ,  t h e r e f o r e ,   o n l y   n e c e s s a r y   t o   c o n s i d e r   t h e   f i r s t   i n s t a b i l i t y   z o n e  

(i.e., the  zone  centered a t  2. = / ) .  Furthermore, i n  a l l  t h e   s i x  cases f o r  

which the  magnetic  forces  have  been  computed, Q and Q are much smaller than K 

s u c h   t h a t  Ql/(K+Q0)&l.  This makes i t  p o s s i b l e   t o  employ a method,   cal led  the 

Method of Averaging, t o   d e t e r m i n e   t h e   i n s t a b i l i t y   z o n e s  as d i s c u s s e d   i n   t h e  

following.  Before  this  method i s  descr ibed ,   however ,   the   exac t   so lu t ion   sha l l  

be   d i scussed   for   the   purpose   o f   compar ison .  

R 
U' 

0 1 

The usua l  method f o r   d e t e r m i n i n g   t h e   i n s t a b i l i t y   z o n e s   c e n t e r e d  a t  - 
5,7,q,etc., is t o  expand  x i n  a Four ie r  series: 

I. 

I A 1  

Subs t i t u t ion   o f   t h i s   expans ion   i n to  Eqs. (F-1) r e s u l t s   i n   a n   i n f i n i t e  set of 

homogenous equat ions .  The threshold  of i n s t a b i l i t y  i s  then  obtained by equat ing  

the   de te rminant   o f   the   coef f ic ien t   mat r ix   to   zero :  

I I 

I 

I I 

I I 

I 
I 

T r u n c a t i n g   t h e   i n f i n i t e   d e t e r m i n a n t   a f t e r   t h e   f i r s t  two rows y i e l d s   t h e  

s o l u t i o n ,  
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I f   t h e   d e t e r m i n a n t  is t r u n c a t e d   a f t e r   t h e   f o u r   f i r s t  rows t h e  r e su l t  becomes 

The r e s u l t s   f o r   t h e   f i r s t   i n s t a b i l i t y  zone  from  these  equations may be  compared: 

.7  

. 8  

1 

1 . 2  

1 . 4  

2 x 2 Determinant 4 x 4 Determinant 
Eq ( F - 4  Eq . (F-6 ) 

1.02 

.72 

0 

0.88 

1.92 

1.25 

.78 

0 

0.85 

1.83 

It i s  seen   t ha t   t he   s imp le r   equa t ion ,  Eq . (F-5) ,  g i v e s   s u f f i c i e n t l y   a c c u r a t e  

r e su l t s   fo r   Q1 / (K+QO~)< l , e spec ia l ly   fo r   t ha t   b ranch   o f   t he   i n s t ab i l i t y   zone  

where p/zo,>l which is a l so   t he   b ranch  of interest .  The s i m p l e r   s o l u t i o n  

only makes u s e   o f   t h e   f i r s t  term i n   t h e   F o u r i e r   e x p a n s i o n   f o r  x and is ,  t h e r e f o r e ,  

based  on a s i n g l e   f r e q u e n c y   o s c i l l a t i o n .  

To s o l v e  Eq . (F-1) by t h e  Method of  Averaging, set 

where 

y= vt 

and V is  t h e  unknown frequency  of  the  motion. Then d e f i n e  

i = -YX,  s ;,? Y X ~  (c5.y 
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where x means -. However, i t  cannot a p r i o r i   b e  assumed t h a t  x and  x are dx 
d t  C S 

constant.  Hence, i n   a c t u a l i t y  

(F-11) 

I n   t h i s  way t h e   s e c o n d   o r d e r   d i f f e r e n t i a l  E q  . (F-1) has   been  t ransformed  into 

two f i r s t   o r d e r   e q u a t i o n s .  

On the   t h re sho ld   o f   i n s t ab i l i t y ,   xc  and x are bounded. 
S 

Hence, - 
(F-15.) 



The r ' ighthand  s ide of Eqs.  (F-13) and  (F-14)  can  be  averaged i n   t h e  same way. 

I n   p e r f o r m i n g   t h e   i n t e g r a t i o n s , i t   s h a l l   b e  assumed t h a t  x and x are s u f f i c i e n t l y  

s l o w l y   v a r y i n g   f u n c t i o n s   t h a t   t h e y   c a n   b e   k e p t   c o n s t a n t   i n   t h e   i n t e g r a t i o n   p r o c e s s .  

Then t h e   f o l l o w i n g   i n t e g r a l s  are encountered:  

C S 

(F-16) 

(F-17) 

(F-18) 

R Thus,only by s e t t i n g  z-y =1 does a n o n - t r i v i a l   s o l u t i o n   e x i s t  . By 

averaging Eqs.  (F-13)  and  (F-14) i n   t h i s  way,  two equa t ions  are obta ined:  
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By introducing  the  critical  speed Uc fromEq . (F-2), these  equations  can  be 

written 

(F-22) 

which is the same solution  as  obtained in Eq . (F-5). It can  therefore be concluded 
that  the  Method of Averaging  determines  the  first  instability  zone  and  even  if 

For  those  three  operating  conditions  where  the  alternator  operates  with  balanced 

load,  the  magnetic  forces  have  only  one  frequency  component (fi = ?u ) in which 
case  the  above  analysis  can  be  applied  without  any  further  discussion.  For 

the  three  ''short  circuit"  conditions,  however,  there are  additional  higher  fre- 

quency  components ( R = 2 w / 4 ~ , ~ ~ ,  etc.). Since  the  Method  of  Averaging  eliminates 

all  frequencies  except  one,  namely dQ/z , it  is  necessary  to  investigate  what 
effect  the  higher  harmonics  in  the  magnetic  forces  have on the  instability 

threshold.  Therefore,  assume  that  both  a  second  and  a  third  harmonic are present 

whereby Eq . (F-1) becomes 
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d i f f e r s  from  the  one  obtained  with  only  one  frequency  component as g i v e n   i n  

Eq . (F-6). To i l l u s t r a t e   t h e   d i f f e r e n c e ,  assume first t h a t  Q =Q and 

Q3=0, i . e . , the   magnet ic   force   has  two equal  frequency  components. The 

corresponding  solution  becomes 

2 1  

Next, assume t h a t  a l l  three  frequency  components are p resen t  and t h a t  Q =Q =Q 

The s o l u t i o n  becomes 
2 3 1' 

(F-26) 

The f o u r   s o l u t i o n s  may be compared numer ica l ly  as shown i n   t h e   f o l l o w i n g   t a b l e :  

R - Method of  Aver. One Frequency Two Frequencies  
tq. 

Three 
Frequenci 

Eq . (F-22) Eq . (F-6) Eq '. (F-25) Eq . (F- 

1.05  0.205 0.202  0.194  0.194 

1.1 0.42 0.41  0.39  0.39 

1 . 2  0.88 0.85 0.7% 0.78 

1.4  1.92 1.83  1.61  1.60 

It is  seen   tha t   o f   the   h igher   harmonics ,   on ly   the   second is  of   any  s ignif icance,  

and  even i t s  in f luence  is  not  too  pronounced.  Furthermore, when Q2> Q ,  i t  is 

f o u n d   t h a t   t h e   s t a b i l i t y   t h r e s h o l d   i n c r e a s e s   a g a i n   s u c h   t h a t   t h e   r e s u l t s   f r o m  

t h e  Method of  Averaging i n  most cases g ives   the   lowes t   th reshold .  On t h i s  b a s i s  

t h e  Method of Averaging can be  accepted as g i v i n g   r e s u l t s   w i t h   s u f f i c i e n t l y  good 

accuracy   for   the   p resent   purpose .  The n e x t   s t e p ,   t h e r e f o r e ,  is  t o   a p p l y   t h i s  method 

t o   t h e   c o m p l e t e   r o t o r   a n a l y s i s .  

Consider a small segment o f  the   shaf t   where   the   magnet ic   forces  are app l i ed .  

The s h e a r   f o r c e s   t o   t h e   l e f t   a r e  Vx and V and t h e   s h e a r   f o r c e s   t o   t h e   r i g h t  

are V' and V' The ro tor   ampl i tudes  are x and y ,  and  the mass o f   t h e   s h a f t  
Y '  

X Y' 
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section is  m. With  the  electrical  forces  given  as  shown  in  Appendix 
.. .- - 

E, the 
equations of motion  become 

tx 

(F-28) 

Let  the  frequency  of  the  vibration  be Y and  set 

X - X ,  C . O S ~  - xS siny 
(F-29) 

where 

Similar  equations  hold  for  the  y-components.  Following  exactly  the  same  procedure 

as  used  to  derive Eqs. (F-13)  and  (F-14),  four  equations  are  obtained: 

These  equations  are  averaged  as defined,by Eqs. (F-15)  and  in  this  process  it is 

necessary  to  set Y =& to  get  a  non-trivial  solution.  Hence,  only  the  magnetic 

force  components  with  n = 0 and  n = 1 remain  in  the  averaged  equations.  In 
performing  the  requirpd  integration,  the  integrals  from Eqs. (F-16) to (F-21) 
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are used,  and in addition the following integrals are encountered: 

(F-31) 

(F-32) 

where 3 is the lowest magnetic  force frequency, i.e. fi = Ztr,. Thus, z V - l  
as a requirement results  in Y - W .  By means of these integrals, averaging 

Eqs. (F-30) yields 

-n- 

These equations can be used directly in the rotor stability analysis as described 

in Appendix G. 
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APPENDIX G: Method  for  Calculating  Rotor  response  and  Stability 

The  method  employed  to  compute  the  response  and the-stability threshold  of  a 
rotor  with  magnetic  forces  is  an  extension  of  the  conventional  Holzer  method 

for  lateral  vibrations  (Prohl-Myklestad  Method).  The  rotor is divided  up  into 

smaller  sections  such  that  each  section  has  uniform  diameter  and  the  mass  of  each 
section is  lumped  at  the  two  end  points  of  the  section. In this  way  the  rotor 
is  represented  by  a  series  of  mass  points,  called  rotor  stations,  connected  by 

weightless  shaft  sections  of  uniform  stiffness.  This  idealized  rotor  model  can 

be  brought  as  close  to  the  actual  rotor  as  desired  by  choosing  a  large  number 

of  stations,  but  in  practice  a  high  degree  of  accuracy  can  be  obtained  with  a 
rather  limited  number  of  stations. 

a 

The  described  subdivision  of  the  rotor  necessitates  that  there  are  rotor  stations 
at  each  location  where  the  shaft  diameter  changes,  and  at  the  two  endpoints of the 

rotor.  Furthermore,  stations  are  introduced  where  the  rotor  has  concentrated 
masses  such  as  wheels,  impellers,  collars,  etc.;  at  all  bearing  locations,  at  all 

mechanical  unbalance  locations  and  at  the  locations  where  the  magnetic  forces 
are  applied.  Thus,  an  arbitrary  rotor  station,  can  be  assigned  a  mass m ,a 

transverse  and  a  polar  mass  moment  of  inertia: I and I respectively, 

8 dynamic  bearing  coefficients: KxXj ,Bxxj , K xyj , etc.,  a  mechanical  unbalance 
and  magnetic  forces.  For  any  particular  station,  any  or  all of these  quantities 
may  be  zero. 

j 

Tj Pj ' 

The  rotor  vibrates  with  frequency'y  radianslsec.  and  the  amplitudes  at  station j 

are xj and yj : 
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The  slopes of the  vibrating  rotor  at  station j are 

The  bending  moment  is M with  components Mx and M and  the  shear  force  is V 

with  components V and V which  can  be  expressed  as 
Y' 

X Y 

and  similarly  for M  Vx and V . The  quantities  to  the  left  of  station j are 

called Mxj,  Myj,  Vxj., and V 
and  the  quantities  to  the  right  of  the  station 

Y' Y 

Yi 
are  called Mij,  Myj, ' V' and-V' Thus,  a  force  balance 

can  be  set  up  for  station j: 
xj yj 

and  a  moment  balance 
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I 

In order  to  express  the  unbalance  force,  let  the  mechanical  unbalance  at  Station j 

have  the  components U f j  and Usqj (lbs-sec ) with  respect  to  a 2 f -7 - coordinate 
system  which  is  fixed in the  rotor.  Thus,  the $-?- system  rotates  with  respect 
to  the  x-y-system: 

x cy 
The  unbalance  forces  become 

(G-10) 

where CAJ is  the  angular  speed  of  the  rotor. 

The  expressions  for  the  magnetic  forces  depend  on  which  frequency  the  vibration 

has,  and  whether  the  calculation  is  for  response or stability.  Let  the  forces 

be  expressed  as 

(G-12) 

(G-13) 

(G-14) 

(G-15) 

(G-16) 
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' If v=ka (i.e.,V=Z&, 4 u  etc.)  as  in  the  calculation  of  response  due  to  the 

magnetic  forces,  the  forces  are  derived  in  Appendix  E  as Egs. (E-8)  and  (E-9). 
For  a  selected,  fixed  steady-state  eccentricity  between  the  alternator  stator  and 
the  rotor  (i.e.,x  and y in Eqs. (E-6)  and  (E-7)  have  given  constant  values), 
A  and B can  be  computed  for  a  particular  operating  condition  of  the  alternator. 
Setting V = h U , n = / , 2 , - - - ,  and  the  corresponding  values of A  and B equal  to n n 
A, and B,, , respectively,  a  particular  frequency  component  of (F ) and 

n  n 

x Mwqn 

(Fy)M4jn. can  be  written 
, v = 2 m  kc = R,=Ay k5 =-bn =-By 

(G-17) 

Having  determined  the  mechanical  unbalance  forces  and  the  magnetic  forces, Eqs. 

(G-6)  to  (G-9) can  be  written,  leaving  out  the  index j: 

(G-22) 

(G-24) 

(G-25) 

These  equations  establish  the  change  in  shear  force  and  bending  moment  across 

a  rotor  station.  They  apply  to  a  single  frequency V . In a  stability  analysis, 
U = W  (i.e.,  =1)  and Fxcy FxS, F  and  F  are  given  by  Eqs.  (G-13)  to  (G-16). 

For  such  a  calculation, U and U = 0 .  In  a  mechanical  unbalance  response tal- 

culation, U and U have  specified  values  and  the  frequency y is  equal  to w 

(i.e.,d =I> so that Fxc, Fxsy F and  F  are  given  by  Eqs.  (G-13)  to  (G-16). 

v 
YC  YS 

5 n 

Y 5 rl 

YC  YS 
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I n  a magnetic  force  response  calculation,  the  magnetic  eccentricity is  spec i f ied  

and Fxc, Fxs, F and F are taken from E q s .  (6-17) where A and B are computed 

as shovm i n  Appendix E. I n   t h i s   t y p e   o f   c a l c u l a t i o n , v = 2 h ~ d  (i'.e.Y/c,,=2n,fi=lr2j-) 
and uj = k,= 0. It should  be  noted,  that  in  performing  the  calculations,  the 8 

bear ing  coeff ic ients  depend  on the  par t icular   f requency.  

YCY YS n n 

Refer r ing   to   the  above f i g u r e  , the   shaf t   sec t ion   connec t ing   s ta t ion  j and 

s t a t i o n   ( j + l )  is considered  next. The sect ion  has   the  length 1 the   c ross  

sec t iona l  area A the   c ross -sec t iona l   t ransverse  moment of i n e r t i a  I. and t h e  

s h a f t  material has a Youngs modulus E. From conventional beam theory,the 

re la t ionships  between the  amplitudes,   the  slopes,   the  shear  forces and the  bending 

moments a t  the  ends of t he   s ec t ion  become 

j '  

j '  J 

(6-26) 

(6-27) 

(6-28) 

(6-29) 

These  equations  together  with E q s .  (G-18) to (6-25) e s t a b l i s h  a set of recurrence 

re la t ionships  by  which the  calculat ion  can  be performed  step-by-step,  starting 

from t h e   l e f t   r o t o r  end  where 

o r  

For a given  frequency,several   calculations are performed. I n   t h e  first calculat ion,  

set Xc, =1 and X, = Ljc, '= 95,  = Gcf = e5, = = 9 s  = 0 and use   t he  
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recurrence  re la t ionships   to   obtain  the  bending moments and the   shear  

force a t  the last r o t o r   s t a t i o n   ( s t a t i o n  m ): 

I n   t h e  same way, ca lcu la t ions  are performed f o r  ljc, = 1 , y5, = 1, eC, = 4, 
e t c . , i . e . , a   t o t a l  of 8 c a l c u l a t i o n s .   I n   a l l   t h e s e   c a l c u l a t i o n s ,   a l l   t h e   s t a t i o n  

f o r c e s   i n  Eqs. (618) t o  (G-25) which are independent of x and y, are ignored, 

i.e., set uf Z U . ~  = 0 , and set  Fkt = Fxj = f i C  = f& - 0  when performing a 

magnet ic   response  calculat ion  (but   not   in  a s t a b i l i t y   c a l c u l a t i o n   o r  a mechanical 

unbalance  calculation where the  magnetic  forces are propor t iona l   to  x and y) .  

As a r e s u l t  of these 8 calculat ions,   the   inf luence  coeff ic ients   have been  obtained 

which relate the  bending moment and shear   force a t  t h e   l a s t   r o t o r   s t a t i o n   t o   t h e  

amplitudes and slopes a t  the  first s t a t i o n :  
dl, H(r2 - - - - - 

d*, ds2 - - - - - 
This   inf luence  coeff ic ient   matr ix  

(G-31) 

is v a l i d   f o r  one pa r t i cu la r   va lue  of the  f re-  

quency Ir . 
In the   fur ther   d i scuss ion , i t  i s  necessa ry   t o   s epa ra t e   t he   s t ab i l i t y   ca l cu la t ion  

and the  response  calculat ions.  

I n   t h e   s t a b i l i t y   c a l c u l a t i o n   t h e r e  is only  one  frequency  value, namely V = W  

Thus, there  is only  one  inf   hence  coeff   ient   matr ix .   Since a t  t h e  last  r o t o r  

s t a t i o n ,  
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t h e   r i g h t  hand s i d e  of Eqs. (G-31) i s  zero. Hence, a non-tr ivial   solut ion 

f o r  Xcj ,ks.j,-" @,only exists i f   t he   de t e rminan t  A of the  matrix  vanishes.  

(G-33) 

Thus, when A =o t h e   r o t o r  is  on the  threshold of i n s t a b i l i t y .  Now, f o r  a 

par t icu lar   ro tor -a l te rna tor   sys tem  opera t ing   a t   spec i f ied   condi t ions ,   the   de te r -  

minant will usually  have a non-zero  value. One  57ay t o   e s t a b l i s h   i f   t h e   r o t o r  

then is s t ab le   o r   uns t ab le  is to   de te rmine   i f   the   ro tor   opera tes  below o r  above 

the   ins tab i l i ty   th reshold .   This   requi res   f ind ing   the   th reshold .  To t h i s  end, 

normalize  the  e ight   magnet ic   force  coeff ic ients   with  respect   to  : 

s t a r t i n g  from z e r o ,   i n   s t e p s ,   k e e p i n g   t h e   r a t i o s   i n   t h e   b r a c k e t s   i n  3 s .  (G-34) 

constant and maintaining  the same rotor   speed . For  each  value of t(&+f$&, 
the  value  of  the  determinant  can  be computed as described  above and  where t h e  

determinant  changes  sign, is the   i n s t ab i l i t y   t h re sho ld .   I f   t he   aC tua l   va lue  

of \ /Q,t ,  f& is  less than  the  threshold  value,   the   rotor  is  s tab le ,   o therwise  

it i s  uns tab le .   In   pass ing ' i t   should   be   no ted   tha t   th i s  assumes t h e   r o t o r   t o  

be   s t ab le  when i- = 0 , Le. in   the   absence   o f  any  magnetic  forces, 

b u t   t h i s  i s  already knotm to   be   t he   ca se   fo r   t he   ro to r   p re sen t ly   i nves t iga t ed .  

. 

Turning  next  to  the  mechanical  unbalance  response  calculation  vhere  the  frequency 

v is  equal   to  LO, the  8 by 8 inf luence  coeff ic ient   matr ix   of  Eqs. (6-31) is 

f i r s t  computed as previously  described.  Thereafter,a  ninth  rotor  calculation 

is performed i n  which the  mechanical  unbalances U and U are assigned 
S j  ?j 
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t h e i r  actual values,  and the  amplitudes and s lopes a t  t h e   f i r s t   r o t o r   s t a t i o n  

are set  equal   to   zero  o(cf=~,=yc,= - - - - = P I  = 0 1. The corresponding  bending 

Then, i n   t o t a l ,  

= O  

(G-35) 

(6-36 

These 8 simultaneous  equations can be  solved  for  X,-l x53, - - - qs.,, and by 

back  subst i tut ion  the  ampli tudes a t  each   ro tor   s ta t ion   can   be  computed  from 

the   r e l a t ionsh ips :  

(G-37) 

- P38 

where the  p 's have  been  obtained in   the   p rocess  of  performing  the  nine  rotor 

ca l cu la t ions .  

The calculat ion  of   the  response of the  rotor   to   the  magnet ic   forces   caused by 

a magnet ic   eccentr ic i ty  is analogous t o  the unbalance  response  calculation. 

However, a complete  calculation must be  performed  for  each  frequency  present 

( 'Y= 2 W, $Wi" ZNCd ) . A t  any  given  frequency,  the 8 ca lcu la t ions   p rev ious ly  

described are f i r s t  performed i n  which U3j '= Uq, = Fxc '= Fks = 4c = $s = i> . 
Thereby,  the 8 by 8 in f luence   coe f f i c i en t  matrix of Eqs .  (G-31) is  obtained. 

Then a n i n t h   r o t o r   c a l c u l a t i o n  is performed  where Fitc , FXS, Fyc , Frs are 

ass igned   the i r   ac tua l   va lues  a t  the  selected  f requency as defined by Eqs. (G-17) 

( ujj i(q, are o f  course,  zero). Thus, t h e   c o e f f i c i e n t s  dry, 

% J , -  - - , daq are obtained similar t o  Eq . (G-35), and the  corresponding 



values of x,+ , %SI,- - -, & can  be found from Eqs. (G-36). Finally, the rotor 

amplitudes are obtained from Eqs .  (G-37). Performing similar calculations for 

all frequencies, n=li2,---N, the total rotor amplitudes  can  be found by super- 

position: 

By plotting the equations, the  maximum  amplitudes  can be found. 
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APPENDIX H 

SPECIFICATION NO. PO055 -1 (NASA) J u l y  15, 1963 

SOLAR  BRAYTON  CYCLE  SPACE  POWER  SYSTEM 

ENVIRONMENTAL SPECIFICATION 

1.0 SCOPE 

1.1 T h i s   s p e c i f i c a t i o n   c o v e r s   t h e   a n t i c i p a t e d   e n v i r o n m e n t a l   c o n d i t i o n s  
l i s t e d   b e l o w   t o   w h i c h  t h e  S o l a r   B r a y t o n   C y c l e   S p a c e   P o w e r   S y s t e m  
a n d   c o m p o n e n t s   s h a l l   b e   d e s i g n e d   t o   w i t h s t a n d   w i t h o u t   m a l f u n c t i o n  0.r 
p e r f o r m a n c e   d e g r a d a t i o n .  

T h i s   s p e c i f i c a t i o n   d o e s   n o t   c o v e r   d e v e l o p m e n t   a n d / o r   a c c e p t a n c e  
t e s t s .  

1 . 2   E n v i r o n m e n t s  

E n v i r o n m e n t a l   c o n d i t i o n s   s p e c i f i e d  a re  a p p l i c a b l e   t o   e a c h   o f   t h e  
c o m p o n e n t s   a n d   t h e   c o m p l e t e   s o l a r   s p a c e   p o w e r   s y s t e m   t h r o u g h  
m a n u f a c t u r e ,   s t o r a g e ,   t r a n s p o r t a t i o n ,   l i f t - o f f ,   b o o s t ,   o r b i t ,   a n d  
o r b i t a l   t r a n s f e r .  

2 . 0   E n v i r o n m e n t a l   C o n d i t i o n s  

2 . 1   S t o r a g e   a n d   T r a n s p o r t a t i o n  

T h e   c o m p o n e n t s   a n d   t h e i r   a s s o c i a t e d   e q u i p m e n t   s h a l l   b e   c a p a b l e   o f  
w i t h s t a n d i n g   w i t h o u t   p e r f o r m a n c e   i m p a i r m e n t   t h e   f o l l o w i n g   l o a d s   a p p l i e d  
a l o n g   e a c h   o f   t h r e e   m u t u a l l y   p e r p e n d i c u l a r  axes o f  i t s  c o n t a i n e r .  

2 . 1 . 1  Shock  - 4 G s h o c k   w i t h i n   o n e   o f   t h e   f o l l o w i n g  times and3wave   shape:  

2 . 1 . 1 . 1 .   T r i a n g u l a r   p u l s e  of  10 m i l l i s e c o n d s .  
2 . 1 . 1 . 2   H a l f - s i n e   p u l s e   o f  8 m i l l i s e c o n d s .  
2 .1 .1 .7  - R e c t a n g u l a r   p u l s e   o f  5 m i l l i s e c o n d s .  

2 . 1 . 2   V i b r a t i o n :  

2 . 1 . 2 . 1  2 - 1 0   c p s  0.40 i n c h e s   d o u b l e   a m p l i t u d e  
2 . 1 . 2 . 2  10 - 500 c p s  2 .0  G p e a k  

2 . 2   L a u n c h ,   L i f t - o f f  , Boos t  

T h e   n o n - o p e r a t i o n   s y s t e m   a n d   c o m p o n e n t s  s h a l l   b e   c a p a b l e  o f  w i t h -  
s t a n d i n g   w i t h o u t   p e r f o r m a n c e   i m p a i r m e n t  t h e   f o l l o w i n g   s i m u l t a n e o u s  

286 



2.2.1 

2.2.2. 

2.2.3 

l a u n c h   l o a d s   a p p l i e d  a t  t h e   s y s t e m   m o u n t i n g   p o i n t s   a n d   i n   t h e  
d i r e c t i o n s   a n d   m a g n i t u d e s   s p e c i f i e d :  

Shock 

35 G s h o c k   a l o n g   e a c h   o f   t h r e e   m u t u a l l y   p e r p e n d i c u l a r  axes w i t h i n   o n e  
o,f t h e  wave   shape   and   pu lse  times in   2 .1 .1 .   above .  

V i b r a t i o n  

S i n u s o i d a l   i n p u t   a p p l i e d  a t  t h e   s y s t e m   m o u n t i n g   p o i n t s   a l o n g   e a c h   o f  
t h r e e   m u t u a l l y   p e r p e n d i c u l a r  axes 

16 - 100 CPS a t  6 G peak 
100 - 180 CPS a t  0.0118" d o u b l e   a m p l i t u d e  
180 - 2000 CPS a t  1 9  G peak 

A c c e l e r a t i o n  

The   non-opera t ing   sys tem  and  i t s  accesso ry   componen t s   sha l l   be   capab le  
o f   w i t h s t a n d i n g   t h e   f o l l o w i n g   l a u n c h   a c c e l e r a t i o n s   f o r   f i v e  (5) 
m i n u t e s   d u r a t i o n :  

2 . 3  

2 . 2 . 3 . 1  - 7 G - a l o n g   b o o s t   v e h i c l e   l i f t - o f f   a x i s .  
3 G - a l o n g   b o o s t   v e h i c l e   l i f t - o f f   a x i s   i n   o p p o s i t e   d i r e c t i o n .  
4 .5  G - a l l  d i r e c t i o n s   i n   p l a n e   n o r m a l   t o   l i f t - o f f   a x i s .  

2 . 2 . 4   A c o u s t i c   N o i s e  

The   non-opera t ing   sys tem  and  i t s  componen t s   sha l l   be   capab le   o f   w i th -  
s t a n d i n g   t h e   i n d u c e d   v i b r a t i o n s   w h i l e   s u b j e c t e d   t o   a n   a c o u s t i c   n o i s e  
f i e l d   w i t h   a n   i n t e g r a t e d   l e v e l   o f   1 4 8   d . b . ,  R e  0 .0002  micro-bar .  

O r b i t a l   O p e r a t i o n  

The   equ ipmen t   sha l l   be   des igned   t o  be c a p a b l e   o f   s t a r t - u p   a n d   c o n t i n u o u s  
o p e r a t i o n   a t   r a t e d  power i'n e a r t h   o r b i t s   o f  from  300 t o  2 0 , 0 0 0   n a u t i c a l  
miles w i t h o u t   m a l f u n c t i o n   f o r  10,000 hour s  time. 

2 .3 .1  Shock 

P r i o r   t o   s y s t e m   s t a r t u p   a n d   d e p l o y m e n t ,   t h e   c o m p o n e n t s   s h a l l   s u s t a i n  
up t o  7 G s h o c k   ( c o u r s e   c o r r e c t i o n )   a l o n g   t h e   l i f t - o f f   o r   f l i g h t   a x i s  
wi th   one   o f   the   wave   forms   and  time d u r a t i o n s   i n d i c a t e d   i n   p a r a g r a p h  
2.1.1. 

2 .3 .2   V ib ra t ion  

The  system  and  components  w i l l  s u s t a i n . v i b r a t i o n s   i n   o r b i t   w h i l e   i n  
o p e r a t i o n   o f   0 . 2 5  G peak   ove r  a f r equency   r ange   o f  5 t o  2000 CPS f o r  
a time p e r i o d   o f   f i v e   m i n u t e s   f o r   e a c h   o c c u r r e n c e .  
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2 . 3 . 3  A c c e l e r a t i o n  

2 . 3 . 3 . 1  - Undeployed 

The  undeployed  system  and  components w i l l  s u s t a i n   a c c e l e r a t i o n s   o f  
3-112 G i n  o n e   d i r e c t i o n   a l o n g   t h e   l i f t - o f f  axis ,  a n d   p l u s   o r   m i n u s  
1 G i n  a l l  d i r e c t i o n s   i n   t h e   p l a n e   n o r m a l   t o   t h e   l i f t - o f f  axis. These  - 
a c c e l e r a t i o n s  w i l l  b e   s u s t a i n e d   i n d i v i d u a l l y   f o r  a p e r i o d   o f   f i v e  
minu tes  maximum f o r   e a c h   o c c u r r e n c e .  

2 . 3 . 3 . 2  - Deployed 

The   dep loyed   ope ra t ing   sys t em w i l l  a l s o  b e   r e q u i r e d   t o   b e   c a p a b l e  of 
s u s t a i n i n g  a c o n t i n u o u s ,   u n i d i r e c t i o n a l   a c c e l e r a t i o n   a r i s i n g   f r o m  a 4 
RPM s p i n   r a t e   o f   t h e   s p a c e c r a f t .   T h e  G l oad ing   on   t he   sys t em com- 
ponen t s  w i l l  be a f u n c t i o n   o f   t h e i r   r a d i a l   l o c a t i o n   w i t h   r e s p e c t   t o  
t h e   s p i n   a x i s .   F o r   t h e   p u r p o s e s   o f   t h i s   a p p l i c a t i o n ,   t h e   c e n t e r l i n e  
a x i s   o f   t h e   c o l l e c t o r   a n d   s y s t e m  i s  l o c a t e d  a t  a r a d i u s   o f  33 f e e t  
f r o m   t h e   s p i n   a x i s   a n d   e x p e r i e n c e s   a n  0.18 G a c c e l e r a t i o n .  
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SPECIFICATION NO. 6359-A 

APPENDIX I 

November 5 ,  1965 

1. 

2. 

2.1 

2 . 2  

PRATT & WHITNEY AIRCRAFT SPECIFICATION FOR 

ACCEPTANCE TESTING A TURBOALTERNATOR  ROTOR DYNAMIC SIMULATOR 

SCOPE 

T h i s   s p e c i f i c a t i o n   c o v e r s   t h e   a c c e p t a n c e  t e s t  f o r  a t u r b o a l t e r n a t o r  
r o t o r  dynamic   s imula tor   incorpora t ing   hydrodynamic   gas   bear ings .  

REQUIREMENTS 

Genera 1 

The t e s t  s p e c i f i e d   b e l o w  i s  i n t e n d e d   t o   d e m o n s t r a t e   s a t i s f a c t o r y  
o p e r a t i o n   o f   t h e   d y n a m i c   s i m u l a t o r   i n c o r p o r a t i n g   h y d r o d y n a m i c   g a s  
b e a r i n g s .  

Data 

T h e   f o l l o w i n g   d a t a   w i t h i n   t h e   a c c u r a c y   s h o w n ,   s h a l l  be c o n t i n u o u s l y  
m o n i t o r e d   a n d   a n y   c o n d i t i o n   w h i c h   i n d i c a t e s   t h a t   t h e  l imits o f   p a r a -  
g raph  3 have   been   exceeded   sha l l   be   recorded .  

a .  

b. 

e. 

d. 

e .  

f .  

g. 
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2.3 A c c e p t a n c e   T e s t  

T h e   a c c e p t a n c e  t e s t  s h a l l   ' c o n s i s t   o f   r u n s  a. t h r o u g h   f .   o f   T a b l e  I. 
The t e s t  r u n s   n e e d   n o t   b e   c o n d u c t e d   i n   t h e   o r d e r   l i s t e d .   T h e   a p p l i c -  
a b l e  t e s t  c y c l e s  are  d e f i n e d  in parag raph   2 .3 .1 .   The   fo rward   d i r ec t ion  
i s  d e f i n e d  a s  t h e  ax ia l  d i r e c t i o n   f r o m   t h e  
t u r b i n e .  

t h r u s t   b e a r i n g   t o w a r d   t h e  

TABLE I 

ACCEPTANCE TEST 

L o c a t i o n  
o f   R o t o r  
Unbalance 

Number o f  
A p p l i c a b l e  T e s t   C y c l e s  
T e s t   C y c l e  A p p l i e d  

T e s t   P o s i t i o n   o f  
Run R o t o r   A x i s  

R o t o r  
Unbalance 

a. h o r i z o n t a l  L e s s   t h a n  
0.001 o z - i n  

Not 
s p e c i f i e d  

I 3 

0.005 o z - i n  5. 75 i n c h e s  
overhung  forward 
o f   f r o n t   b e a r i n g  
c e n t e r l i n e  

b. h o r i z o n t a l  I 3 

Not s p e c i f i e d  c .   v e r t   i c a  1 L e s s   t h a n  
0.001 o z - i n  

I 3 

0.005 o z - i n  d. v e r t i c a l  5.75 i n c h e s  
overhung  forward 
o f   f r o n t   b e a r i n g  
c e n t e r l i n e  

I 3 

e. h o r i z o n t a l  

f .   v e r t i c a l  

Less t h a n  
0 . 0 0 1   o z - i n  

Not   spec i ' f ied  I1 

I1 0.005 o z - i n  5. 75 i n c h e s  
overhung  forward 
o f   f r o n t   b e a r i n g  
c e n t e r l i n e  

2 . 3 . 1  T e s t   C y c l e s  

D u r i n g   e a c h   o f   t h e  t es t  c y c l e s   t h e   b e a r i n g   l u b r i c a n t   s h a l l   b e   d r y ,   o i l  
f r e e   a i r   o r   . i n e r t   g a s .   A m b i e n t   p r e s s u r e   a t   t h e   b e a r i n g  s h a l l  be e q u a l  
t o   o r  less t h a n  10.5 p o u n d s   p e r   s q u a r e   i n c h   a b s o l u t e .   G a s   a t   p r e s s u r e  
above  ambient  may b e   s u p p l i e d   t o   t h e   b e a r i n g s   d u r i n g   a c c e l e r a t i o n ,  
d e c e l e r a t i o n   o r   a s   S p e c i f i e d   h e r e i n .   T h e   f o l l o w i n g  t e s t  c y c l e s   s h a l l  
a p p l y  a s  s p e c i f i e d   h e r e i n ;  
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2 . 3 . 1 . 1  T e s t   C y c l e  I . .. 

a. Accelerate r o t o r  to 12,000 RPM and  main ta in   12 ,000  5 200 RPM f o r  
a p e r i o d   o f .  10 minutes .  

a p e r i o d   o f  5 minu tes .  

c. Decelerate r o t o r   t o  a comple t e   s top .  

2 .3 .1 .2   Tes t .   Cyc le  I1 

b. A c c e l e r a t e   r o t o r   t o  14.400 RPM a n d   m a i n t a i n  14,400 2 200 RPM f o r  

3. 

a .  

b. 

A c c e l e r a t e   t h e   r o t o r   t o   1 2 , 0 0 0  RPM a n d   m a i n t a i n   1 2 , 0 0 0  RPM 2 500 
RPM f o r  a p e r i o d   o f  a t  least  10 m i n u t e s .   W h i l e   t h e   r o t o r  i s  
m a i n t a i n e d  a t  12,000 5 500 RPM a n d   w h i l e   g a s  a t  p r e s s u r e   a b o v e  
ambient  i s  a p p l i e d   t o   t h e   t h r u s t   b e a r i n g ,   a p p l y   t h e   f o l l o w i n g   t h r u s t  
l o a d s :  100 5 10 p o u n d s   f o r w a r d .   o r   r e v e r s e d ,  0 t 5 pounds  and 
250 - + 25  pounds  rearward. 

W h i l e   t h e   r o t o r  i s  m a i n t a i n e d  a t  12,000 2 500 RPM and   wh i l e  no 
g a s   a t   p r e s s u r e   a b o v e   1 0 . 5   p s i a  i s  a p p l i e d   d i r e c t l y   t o   t h e   b e a r i n g s ,  
a p p l y   t h e   f o l l o w i n g   t h r u s t   l o a d s   i n   t h e   r e a r w a r d   d i r e c t i o n ,  85 5 
5 ,   5 5  5 5 and 30 2 5 pounds. 

D e c e l e r a t e   r o t o r   t o  a comple te   s top .  

ACCEPTANCE 

The tes t s  s h a l l   b e   s a t i s f a c t o r i l y   c o m p l e t e d  when t h e   e n t i r e   a c c e p t a n c e  
t e s t  h a s   b e e n   c o m p l e t e d   w i t h o u t   c h a n g e s   t o   t h e   c o n f i g u r a t i o n ,   e x c e p t  
a s   a u t h o r i z e d   b y   t h e   P r a t t  & Whitney   Ai rcraf t   p rogram  manager ,   and   the  
fo l lowing   cond i t ions   have   been  met. 

a .  

b. 

C .  

d. 

e. 

T h e r e   s h a l l   b e  no i n d i c a t i o n   o f   b e a r i n g   s e i z u r e   o r   c o n t a c t   b e t w e e n  
t h e   r o t o r   s h a f t   a n d   b e a r i n g  a t  12,000 RPM o r   a b o v e   w i t h  no g a s  
a t   p r e s s u r e   a b o v e   a m b i e n t   s u p p l i e d .   W i t h   g a s   s u p p l i e d   a t  a p r e s s u r e  
above   ambien t   t he re  i s  no i n d i c a t i o n  of  b e a r i n g   s e i z u r e   o r   c o n t a c t  
above 600 RPM. 

V i b r a t i o n  a t  the   bea r ing   moun t s   does   no t   exceed   0 .002   i nches   doub le  
ampl i tude .  

Maximum r o t o r   e x c u r s i o n   d o e s   n o t   e x c e e d   0 . 0 0 5   i n c h   a x i a l l y   o r  
0 . 0 0 2   i n c h   r a d i a l l y .  

Bearing  pad  motion  does  not   exceed  0 .0005  inch  double   ampli tude.  
a t  t h e   f r e e   e n d   f b r t h e s t  removed  f rom  the  pivot .  

T h e   t h r u s t   b e a r i n g   a x i a l   v i b r a t o r y   m o t i o n  a t  t h e   o u t e r  r i m  s h a l l  
no t   exceed  0.0006 i n c h   d o u b l e   a m p l i t u d e .  
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APPENDIX J: REDUCTION OF BEARING W T A  ACQUIRED  DURING  ROTOR-BEARING-ALTERNATOR - 
TESTING 

D u r i n g   t h e   c o u r s e   o f   t h e   r o t o r - b e a r i n g   a l t e r n a t o r  t e s t  program t o   d e t e r m i n e   t h e  

r o t o r - b e a r i n g   s y s t e m   r e s p o n s e   t o   e l e c t r o m a g n e t i c   f o r c e s ,   v a l u e s   o f   b e a r i n g   f i l m  

t h i c k n e s s   a n d   t e m p e r a t u r e  were t a b u l a t e d   f o r   e a c h   o f   t h e  216 t es t  p o i n t s  in- 

vo lved .   Fo r   each  of t h e   j o u r n a l   b e a r i n g s , t h e   d a t a   a c q u i r e d   c o n s i s t e d   o f  a f i l m  

t h i c k n e s s   d i m e n s i o n   f o r   e a c h   o f   t h e   f o u r   p a d s   w h i c h   c o n s t i t u t e  a b e a r i n g   a n d  

e i g h t   t e m p e r a t u r e s .   T h e   f i l m   t h i c k n e s s   d i m e n s i o n s  were o b t a i n e d   f r o m   c a p a c i t a n c e  

probes  mounted in t h e   p a d s  as  shown i n   F i g u r e s   1 1 - 2 3   a n d   1 1 - 2 4 ,   r e a d o u t   b e i n g  

ob ta ined   f rom CRO's. Tempera tu res  were obta ined   f rom  chromel-a lumel   thermocouples ,  

four   o f   which  were a t t a c h e d   t o   o n e   u n l o a d e d   a n d   o n e   l o a d e d   p a d  in e a c h   b e a r i n g  

i n   t h e   p o s i t i o n s  shown i n   F i g u r e   1 1 - 2 6 ,   r e a d o u t   o f   t e m p e r a t u r e   b e i n g   o b t a i n e d  

f r o m   t e m p e r a t u r e   r e c o r d e r s .  

D u r i n g   t h e   c o u r s e   o f   t h e  t e s t  program ,it was n o t   f o u n d   c o n v e n i e n t   t o   p e r m i t   t h e  

t e m p e r a t u r e   o f   t h e   j o u r n a l   b e a r i n g s   t o   r e a c h   t h e   v a l u e s   f o r   w h i c h   t h e o r e t i c a l  

b e a r i n g   p e r f o r m a n c e   c a l c u l a t i o n s   h a d   b e e n  made. To   a l low  compar i son   o f   expe r -  

i m e n t a l   p e r f o r m a n c e   w i t h   c a l c u l a t e d   p e r f o r m a n c e  i t  was, t h e r e f o r e ,   n e c e s s a r y   t o  

p e r f o r m   f u r t h e r   c a l c u l a t i o n s   u s i n g   a s   a n   i n p u t   p a r a m e t e r   t h e   r e d u c e d   v a l u e   o f  

v i s c o s i t y   a s s o c i a t e d   w i t h   t h e   t e m p e r a t u r e s   w h i c h  were e x p e r i e n c e d   d u r i n g   t e s t i n g .  

T h e   v a l u e   o f   v i s c o s i t y   u s e d   i n   t h e s e   c a l c u l a t i o n s  was   de te rmined   f rom  the  

a v e r a g e   t e m p e r a t u r e  (llOF) of   t he   16   bea r ing   pad   t he rmocoup les  (8 p e r   b e a r i n g )  

o v e r   t h e  216 d a t a   p o i n t s   i n v o l v e d .   T h e  maximum and minimum va luCs   o f   bea r ing  

t e m p e r a t u r e   o b s e r v e d   d u r i n g   t e s t i n g  were as  f o l l o w s .  

B e a r i n g   I d e n t i t y  

Turb ine   end  
J o u r n a l .   B e a r i n g  

T h r u s t  End 
J o u r n a l   B e a r i n g  

Maximum 
Tempera tu re  
Degrees  F 

Minimum 
Tempera tu re  
Degrees  F 

128.5 79 

143 90 
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The   change  i n   v i s c o s i t y  over t h i s   r a n g e  of t e m p e r a t u r e s  i s  5 4.4% o f   t h e   a v e r a g e  

v a l u e   u s e d   f o r   t h e   p u r p o s e s   o f   c a l c u l a t i o n .  

F u r t h e r   p a r a m e t e r s   u s e d  i n  b o t h   t h e   t h e o r e t i c a l   c a l c u l a t i o n s   o f   b e a r i n g   p e r f o r -  

mance a n d   t h e   e v a l u a t i o n   o f   e x p e r i m e n t a l   d a t a  are  t h e   v a l u e s  of j o u r n a l   a n d   p a d  

r a d i i .   T h e   v a l u e s   u s e d  were o b t a i n e d   f r o m   t h e   i n s p e c t i o n   r e c o r d s   o f   t h e  com- 

p o n e n t s   a n d  are g i v e n  as f o l l o w s :  

Component 

T u r b i n e   e n d   j o u r n a l  
i n   p l a n e   o f   p i v o t s  

T h r u s t   e n d   j o y r n a l  
i n   p l a n e   o f   p i v o t s  

B e a r i n g   P a d  
(1 f r o m   e a c h   b e a r i n g )  

I n s p e c t i o n  
Dimension 

( i n c h e s )  

3.4961713.49613 Dia. 

R a d i i  U s e d  In 
E v a l u a t i o n   o f  test  d a t a  

( i n c h e s )  

1 .748075 

3.4960313.49591 Dia. 1 .747985 

1 .7505  1 .7505 

T o  r e d u c e   t h e   n u m b e r   o f   c a l c u l a t i o n s   o f   t h e o r e t i c a l   b e a r i n g   p e r f o r m a n c e ,   a n  

a v e r a g e   v a l u e   o f   j o u r n a l   r a d i u s  was u s e d ,  i . e .  , 1 . 7 4 8 0 3 ,   t h e   r e s u l t s   b e i n g  

a p p r o x i m a t e l y   a p p l i c a b l e   t o   b o t h   j o u r n a l   b e a r i n g s .   T h e   c l e a r a n c e   r a t i o  C /R 

a t  des ign   speed   becomes .  
P 

C R - R  
9 = P  
R R 

C ~ / R  = 1.31 x 

where  C = R a d i a l   d i f f e r e n c e   b e t w e e n   t h e   m a c h i n e d   r a d i u s   o f   t h e   b e a r i n g   p a d   a n d  
t h e   r a d i u s   o f   t h e   j o u r n a l  a t  d e s i g n   s p e e d .  

R = M a c h i n e d   r a d i u s  of  b e a r i n g   p a d  

R = M a c h i n e d   r a d i u s   o f   j o u r n a l  + r a d i a  
P 

T h e   e f f e c t   o f   d i f f e r e n t i a l   t h e r m a l   e x p a n s i o n  

t h e r e f o r e ,   i g n o r e d .  

1 c e n t r i f u g a l   g r o w t h .  

o n   t h i s   r a t i o  i s  n e g l i g i b l e   a n d  i s ,  
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T h e   t h . e o r e t i c a 1   b e a r i n g   p e r f o r m a n c e  was c a l c u l a t e d   u s i n g   a , v i s c o s i t y  of 2.73 X 

lo-’ 1 b . s e c .   / i n . 2   a n d  a c l e a r a n c e   r a t i o   o f  1.31 X 10-3y f o r  a s e l e c t e d   r a n g e   o f  

b e a r i n g   l o a d s   a n d   d i a m e t r a l   c l e a r a n c e   v a l u e s   ( p r e l o a d ) ,  one se t  o f   c a l c u l a t i o n s  

b e i n g   r e q u i r e d  a t  e a c h   a m b i e n t   p r e s s u r e   i n v o l v e d ,  i . e . ,  10.5 PSIA and  7 . 2  PSIA. 

T h e   r e s u l t s   o f   t h e   t h e o r e t i c a l   c a l c u l a t i o n s  a r e  shown p l o t t e d   i n   t h e   f o r m   o f  

l o a d e d - p a d   f i l m   t h i c k n e s s   v e r s u s   p r e l o a d   i n   F i g u r e s  V I I - 1 7 ,  VII-18 and VI I -19 .  

T o  s u p e r i m p o s e   t h e   e x p e r i m e n t a l l y   o b t a i n e d   d a t a  on t h e   c u r v e s   o f   t h e o r e t i c a l  

b e a r i n g   p e r f o r m a n c e  i t  was n e c e s s a r y   t o   d e t e r m i n e   a n   a v e r a g e   v a l u e   o f   p r e l o a d  

f o r   t h e   c o m p l e t e   b e a r i n g .   T h i s  was a c c o m p l i s h e d   f r o m   t h e   g e o m e t r i c a l   r e l a t i o n -  

s h i p  

HP m = 1 - -  
C 

P 

where m = P r e l o a d   r a t i o  

HP = A v e r a g e   f i l m   t h i c k n e s s   o f  4 pads  

C = R a d i a l   d i f f e r e n c e   b e t w e e n   t h e   m a c h i n e d   r a d i u s   o f   t h e   b e a r i n g   p a d s  
P 

a n d   t h e   r a d i u s   o f   t h e   j o u r n a l  a t  d e s i g n   s p e e d .  

A l s o   r e q u i r e d  was a n   a v e r a g e   v a l u e   o f   l o a d e d - p a d   f i l m   t h i c k n e s s .  To  r e d u c e   t h e  

c o n s i d e r a b l e   a m o u n t   o f   e x p e r i m e n t a l   d a t a   a c c u m u l a t e d   d u r i n g  t es t  a computer  

program was w r i t t e n   w h i c h   p e r f o r m e d   t h e   f o l l o w i n g   c a l c u l a t i o n s :  

a. M o d i f i e d   t h e   e x p e r i m e n t a . l l y   o b t a i n e d   r e a d i n g s   o f   f i l m   t h i c k n e s s   t o  

a l l o w   f o r   i n s t r u m e n t a t i o n   c a l i b r a t i o n   f a c t o r s .  

b. C a l c u l a t e d   t h e   a v e r a g e  f f l m  t h i c k n e s s  HP f o r  each   bea r ing   f rom 

HP = h p l  + hp2 + hp3 + hp4 
4 

where   hp l  . .. . hp4 a re  

4 p a d s   c o m p r i s i n g   e a c h  

c .   C a l c u l a t e d   t h e   a v e r a g e  

from 

t h e   c o r r e c t e d   v a l u e s   o f   f i l m   t h i c k n e s s   f o r   t h e  

b e a r i n g .  

f i l m   t h i c k n e s s  HPL o f   t h e  two loaded   pads  

HPL = 
hp3 + hp4 

2 
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d. C a l c u l a t e d   t h e   v a l u e   o f   p r e l o a d  m from 

where C v a l u e s   o f   2 . 2 6  X a n d  2.35 X were g i v e n   t h e   t u r b i n e  

e n d   a n d   t h r u s t   b e a r i n g   e n d   r e s p e c t i v e l y ,   t h e s e   v a l u e s   b e i n g   d e t e r m i n e d  

f r o m   t h e   i n s p e c t i o n   r e c o r d s   o f   t h e   j o u r n a l   a n d   p a d s .  

P 

. .  

In a d d i t i o n  t o  t h e   c a l c u l a t i o n   o f . t h e   a b o v e   q u a n t i t i e s ,   c a l c u l a t i o n s  were p e r -  

f o r m e d   t o   p e r m i t   c o m p a r i s o n   o f   t h e  sum o f   t h e   f i l m   t h i c k n e s s e s   i n   o n e   l o a d e d   a n d  

o n e   d i a m e t r a l l y   o p p o s e d   u n l o a d e d   p a d , w i t h   t h e  sum o f   t h e   f i l m   t h i c k n e s s e s   o f   t h e  

r ema in ing   two   pads   compr i s ing  a b.ear ing.  A l s o  performed were c a l c u l a t i o n s   t o  

d e t e r m i n e   t h e   e c c e n t r i c i t y   a n d   t h e   c h a n g e  of e c c e n t r i c i t y   o f   t h e   j o u r n a l   w i t h i n  

t h e   b e a r i n g   a s s e m b l y .   T h e s e   c a l c u l a t i o n s  a re  d e s c r i b e d  as  f o l l o w s :  

e .  

f .  

g -  

h. 

i. 

C a l c u l a t e   t h e   a v e r a g e  f i l m  t h i c k n e s s  of t h e  two  unloaded  pads  f rom 

HPU = 
h p l  + hp2 

C a l c u l a t e   t h e  sum o f   t h e   f i l m   t h i c k n e s s e s   o f   o n e   l o a d e d   a n d   o n e  

unloaded   pad  

HPULl = h p l  + hp3 

C a l c u l a t e   t h e  sum o f   t h e   f i l m   t h i c k n e s s e s   f o r   t h e   r e m a i n i n g   l o a d e d  

and   un loaded   pads  

HPUL2 = hp2 + hp4 

Compare t h e  sum of t h e   p a d   f i l m   t h i c k n e s s e s   o f   o n e   l o a d e d   p a d   a n d   o n e  

u n l o a d e d   p a d   w i t h   t h a t  of t h e  sum o f   ' t h e   r e m a i n i n g   p a d   f i l m   t h i c k n e s s e s   f r o m  

HPULD = HPULl - HPUL2 

C a l c u l a t e   a n d   d e f i n e   t h e   d i r e c t i o n   o f   t h e   e c c e n t r i c i t y   o f   t h e   j o u r n a l  

w i t h i n   t h e   b e a r i n g   a s s e m b l y .  

E c c e n t r i c i t y   i n   t h e   d i r e c t i o n   b e t w e e n   t h e   l o a d e d   p a d s  EBL from 

EBL = - HP-HPL 
.707  
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E c c e n t r i c i t y  i n  the   d i rec t ion   be tween  the   un loaded   pads  (EBU) from 

EBU = - HP-HPU 
,707 

j. Calcu la t e   t he   change   and   d i r ec t ion   o f   change   i n   eccen t r i c i ty   f rom  the  

eccen t r i c i ty   obse rved  a t  t h e   z e r o   e x c i t a t i o n  test po in t .  

A n . i n c r e a s e   i n   e c c e n t r i c i t y  (AEBL) denoted +VE 
A d e c r e a s e   i n   e c c e n t r i c i t y  (AEBL) denoted -VE 

An increase i n   e c c e n t r i c i t y  (AEBU) denoted +VE 

A d e c r e a s e   i n   e c c e n t r i c i t y  (AEBU) denoted -VE 

The r e s u l t s   o f   t h e s e   c a l c u l a t i o n s   f o r   e a c h   o f   t h e  216 test p o i n t s  are contained 

i n  Table  J-1. 

Cer t a in  of t he   expe r imen ta l ly   ob ta ined   va lues  of f i lm  th ickness   and   pre load  

are shown superimposed  on  the  curves of theore t ica l   per formance  shown i n  

F igures  VII-17, VII-18  and  VII-19. The e x p e r i m e n t a l   d a t a   i n   t h e s e   p l o t s  were 

obtained  f rom  the tests of   Configurat ion D (F igures  V I I - 1 7  and  VII-18)  and 

Conf igura t ion  F (Figure  VII-19;. The exper imenta l   da ta   for   the   remain ing  test 

p o i n t s  were a l s o   p l o t t e d .  

The test  c o n d i t i o n s   r e l a t i n g  to the   conf igu ra t ion   and  test po in t  numbers r e f e r r e d  

t o  on these  pages  can  be  obtained  from  Tables VII-2 through  VII-5  inclusive.  It 

s h o u l d   b e   n o t e d   t h a t   t h e   f i r s t  test  po in t  number in   each  group i s  the   ze ro  

e x c i t a t i o n  test po in t  number.  The d u r a t i o n   o f   t h e   s h o r t   c i r c u l t s  (5 secs. max.) 

d id   no t   pe rmi t   t he   aqu i s i t i on   o f   da t a ;   t he re fo re ,   t he   da t a   con ta ined   . i n   t hose  

l i n e s   i d e n t i f i e d  by a test po in t  number which relates t o  a s i n g l e   o r   t h r e e   p h a s e  

s h o r t   c i r c u i t   c o n d i t i o n   a r e   € o r   c o n d i t i o n s   i m m e d i a t e l y   p r i o r . t o   t h e   i n i t i a t i o n  

o f   t h e   s h o r t   c i r c u i t .  
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Tale. J-1 

BRG. NO. 1 
TEST 
POINT 
NO. HP  HPU 

3  1.314 1 0 4 4 0  
1 1.175 1.319 
2  1.175 1.319 
4  1.144 1.256 
5 1 . ~ 6 7  1.165 
6 1.OU6 1.044 

2 5   1 0 1 9 1  1 0 1 4 2  
29   1 .050 1.037 
3'3 1 .021  0.978 

BRG.  NO. 1 
TEST 
PO I biT 
NO. HP  HPU 
11 1.190  1.28b 

7  0.990 1.044 
8 1.005 1.074 
9 1.036 1.194 

1 0   1 . 0 2 1  1 0 0 7 4  
12   1 .051  1.135 
26   1 .159  1.142 
3 0   u . 9 7 3  0.978 
3 4   0 . 9 7 5  0.948 

BRG. NO. 2 
TEST 
POINT 
NO. HP  HPU 

3  1.144 1.222 
1 1.248 1e.338 
2  1.248 1.336 
4  1.143 1.231 
5 1.278 1.367 
6  1.247 1.347 

25   1 .247  1 0 3 6 7  
2 9   1 . 2 3 2  1.367 
33   1 .201  1.367 

BRG. NO. 2 
TEST 
POINT 
NO. HP  HPU 
11 1.054 1.164 

7  1.187 1.308 
8 1.158 1.279 
9  1.O39 1 0 1 6 3  

1 0  1.113 1.251 
1 2   1 . 2 1 8  1.308 
26   1 .158 1.279 
3 0   1 . 1 4 2  1.308 
34   1 .157 1.308 

Tabulation of Bearing Performance Data Acquired 

During Rotor-Bearing-Alternator 

Simulator Testing 

CONFIGURATION A AMtjIENT  PRESS  10.5PSIA 

HPL 
1 1 8 7  
1.032 
1.032 
1.032 
0.969 
0.96 7 
1.221 
1 e 0 6 2  
1 e 0 6 4  

HPUL 1 
2.647 
2.286 
2.296 
2.286 
2 0   1 0 6  
1.988 
2.408 
2.287 
2 1 9 7  

HPUL2  HPULD 
2.608 0.040 
2.416 -0.130 
2.416 -0.130 
2.29i.J -0.004 
2 . l h 2  -0.056 
2.035 -0.047 
2.358 0.050 
1.911 0 0 3 7 6  
1.976 0.131 

M 
0.419 
0.480 
0.480 
0.494 
0.528 
0.555 
0.473 
0.536 
3.548 

DELTA  DELTA 
EBL  EBU EBL EBU 

0.179 
0 . 2 0 3   0 0 0 2 5  
0.203  0.025 
0.159  -0.020 
0 . 1 3 9   - 0 0 0 4 0  
0.054  -0.125 

9.042 9.221 
0.017 3 0 1 9 6  
0.061 0.240 

CONFIGURATIOY A 4MBIENT  PRESS  7.2PS14 

HPL 
1 0 0 9 2  
0.935 
0.937 
0.967 
0.967 
0.967 
1.157 
i).96Y 
1.001 

HPUL 1 
2.4Ob 
1.958 
1 e 9 8 7  
2 -  1 9 7  
2.0/+8 
2.107 
2.408 
2 U4b 
1.987 

CONFIGURATION 

HPL  HPULl  
1.06.7 2.136 
1.158 2.3.16 
1.158 2.376, 
1.036 2.138 
1.188 2.374 
1.128 2.316, 
1.128 2 0 3 1 6  
1.097 2.316 
1.036 2 0 2 5 6  

HPlJL  2 
2.353 
1.971 
2.035 - 
2.035 
2.035 
2 .GjSt? 
2.22Y 
1 . 8 4 7  
l . Y ! 1  

HPULD 
0oC55  
0.017 
'0 0 4 8  
0.C72 
0.013 
0.609 
0.178 
0.149 
0.075 

A AMBIENT F 

HP'JL2  HPlJLD 
2.439 -0.301 
2.614 -0.240 
2 . b ? b  -0.240 
2.435 -0.297 
2.735 -0 .359  
2.673 -0.357 
2 - 6 7 3  -0.357 
2.612 -0.246 
2.550 -0.294 

' K E S S  10.5DS14 

H E 3 L  
0 0 5 1 3  0.110 
0.469 0.128 
0.469 0.128 
0.514 0.152 
0.456 0.12~5 
0.469 9.159 
0.469 0.169 
0.476 0.191 
0.489 0.234 

CONFIGURATION A AMbIENT  PRESS  7.2PSIA 

HPL  HPULl   HPUL2  HPULD 
0.945 1.959 2.258 -0.299 
1.067 2.138 2.612 -0.473 
1.036 2.134 2.492 -0.354 
0.914 le900 2.254 -0.353 
0.97s 2.070 2.373 -0.295 
1.128 2.198 2.673 -0.475 
1.036 2.138 2.492 -0.354 
0.975 2.078 2.488 -0.410 
1.006 2.078 2.550 -0.472 

M EUL 
0.551 0.155 
0.495 0.171 
0.507 0.172 
0.558 0.176 
0.526 0.195 
0.482 0.128 
0.507 0.172 
0.514 0.236 
0.508 0.214 

L)ELTA U t L T A  
EBU E b L  EBU 

-0  0 6  1 
-0.041 
-0  0 C42 
-3.063 
-3.019 

0.138 
-0.132 

9.038 9.174 

UELTA  DLLTA 
ESU  EBL  E3U 

0.018 
0.018 
0.042 
0.017 
9.069 
0.060 
0.081 
0 - 1 2 5  

DELTA I 
EBU  EHL 

0.016 
0.018 
0.021 
0.040 

-0.027 
0m018 
0.081 
0.059 

JELTA 
EBU 
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BRG.  NO. 1 
TEST 
POINT 
NO. HP  HPU 
1 5  1.657  1.656 
13   1 .363  1 .412 
1 4  1.425  1.442 
16   1 .503  1 .503 
17   1 .363  1 .353 
18  1 .379  1 .384 
35  1 .348  1 .353 
27  1.518  1.535 
31   1 .285   1 .321  

BRG. NO. 1 
TEST 
POINT 
NO. HP HPU 
2 3  1.765 !.84U 
3 6  1.301 1.323 
1 9  1.316 1.353 
2 0  1.362 1.412 
2 1  1.441 1.505 
2 2  1.440 1.503 
2 4  1.487 1.565 
2 8  1.518 1.596 
3 2  1.301 1.321 

BRG. NO. 2 
TEST 
POINT 
NO. HP hPU 
1 5  1.247 1.309 
1 3  1.425 1.484 
1 4  1.380 1.455 
1 6  1.277 1.338 
1 7  1.425 1.513 
18  1.425 1.513 
3 5  1.484 1.571 
2 7  1.484 1.571 
3 1  1.529 1.630 

BRG.  NO. 2 
TEST 
POINT 
NO. HP HPU 
2 3  1.291 1.368 
3 6  1.438 1.571 
1 9  1.409 1.513 
2 0  1.395 1.484 
2 1  1.306 1.397 
2 2  1.395 1.484 
2 4  1.544 1.629 
2 8  1.529 1.600 
3 2  1.513 1.630 

CONFIGURATION A AMBIENT  PRESS  10.5PSIA 

HPL 
1 0 6 5 9  
1.314 
1 0 4 0 7  
1 5 0 2  
1.373 
1.373 
1 3 4 3  
1 5 0 2  
1.250 

HPUL 1 
3.191 
2.589 
2.770 
3.191 
2.652 
2.652 
2 rn 5 9 2  
2.b91 
2.470 

HPULZ 
3.43b 
2.863 
2.928 
3.438 
2.799 
2 - 8 6 2  
2 - 7 Q 9  
3.182 
2.672 

HPULD 
-0 2 4 7  
-0.274 
-0 0 1 5 7  
-0.229 
-0.147 
-0.210 
-0.208 
-0.292 
-0.202 

M 
0.267 
0.397 
0.370 
0.335 
c. 3 9 7  
0.  3 9 0  
0 0 4 0 4  
0.328 
@ e 4 3 1  

i 
EBL  EBU 

0.000 
0.069 
0.025 
0.000 

0.008 
0.007 
0.023 
0.05G 

0.015 

CONFIGURATION A AMBIENT  PRESS  7.2PSIA 

H P L   H P U L l  
1.690 3.431 
1.280 2 0 4 7 1  
1.280 2.531 
1.312 2.650 
1.377 2.709 
1.377 2.769 
1.409 2.829 
1.439 2.890 
1.282 2.470 

HPUL2  HPULD M 
3.628 -0.197 0 0 2 1 9  
2.735 -0.264 0.424 
2.735 -0.204 0.418 
2.799 -0.149 Om397 
3.054 -0.344 0.162 
2.991 -0.222 0.363 
3.118 -0.289 0.342 
3.181 -0.292 0.328 
2.736 -0.266 0.424 

EBL 
0.106 
0.030 
0.051 
0 .071  
0.091 
0.090 
0.110 
0.111 
0.028 

CONFIGURATION A AMBIENT  PRESS  10.5PSIA 

HP L 
1.185 
1.366 
1.306 
1.215 
1.336 
1.336 
1.397 
1.397 
1.428 

H P U L l  
2.557 
2 0 9 7 3  
2.914 
2.676 
2.972 
2.972 
3.091 
3.091 
3.150 

HPULZ  HPULD 
2.431 0.126 
2.727 0.247 
2.607 0.306 
2.431 0.245 
2.727 0.246 
2.727 0.246 
2.846 0.245 
2.846 0.245 
2.965 0.185 

w 

M 
0 4 6 9  
0.394 
0.413 
0.457 
00 3 9 4  
0.394 
0 0  3 6 8  
0.368 
0. 3 4 9  

E B L  
0.088 
0.083 
0.106 
0.087 
00 1 2 5  
0.125 
0.123 
0.123 
0.142 

CONFIGURATION A AMBIENT  PRESS  7.2PSIA 

OEL T A  
ERL 

0.069 
0.025 
0.000 

0.008 
0.007 
0 0 0 2 3  
0.050 

DELTA 
EBU  EBL 

-0.076 
-0.055 
-0.036 
- 0 0 0 1 5  
- 0 - 0 1 7  

0 -004 
0.005 

-0.079 

DELTA 
EBU  EBL 

HPL 
1.215 
1.306 
1 3 0 6  
1 3 0 6  
1.215 
1.306 
1 0 4 5 8  
1.458 
1.397 

HPUL 1 
2.735 
3.031 
2.972 
2.914 
2.735 
2.914 
3.151 
3.151 
3.150 

HPUL2  HPULD 
2.431 0.304 
2 - 7 2 2  0.309 
2.665 0.308 
2.665 0.249 
2.488 0.247 
2.665 0.249 
3.023 0.129 
2.965 0.186 
2.903 0.247 

M 
0.451 
0.388 
0.400 
0.407 
0.444 
0.407 
0 343 
0.349 
0. 3 5 6  

EBL  EBU 
0.108 
0.188 
0.147 
0. 1 2 6  
0.129 
0.126 
0.121 
0.100 
0.164 

-0 0 0 5  
0.018 

-0 . 000 
0.037 
0.037 
0.035 
0.035 
0.055 

OELTA 
EBL 

0.080 
0.038 
0.018 
0.020 
0.018 
0.012 

-0 008 
0.056 

VkLTA 
EBU 

0.015 

DELTA 
EBU 

DELTA 
EBU 

DELTA 
EBU 
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TEST 
PO I NT 

BRG.  NO. 1 

NO. HP  HPU 
3  1.024 0.951 
1 0.838 0.767 
2  0.884 0.829 
4  0.899 0.860 
5  0.837 0.767 
6  0.822 0.738 

3 3  0.760 0.676 
2 5   1 . 0 0 9  0.922 
29   0 .992  0.951 

BRG.  NO. 1 
TEST 
PO I NT 
NO. HP HPU 
11 1.179 1.106 
3 4  0.714 0.646 

7  0.791 3.738 
8 0.915 0.860 
9 1.008 0.983 

10  0 .977  0.922 
12  1.023 3.983 
26   1 .024 0 0 9 8 3  
3 0  0.946 0.922 

BRG.  NO. 2 
TEST 
PO I NT 
NO. HP  HPS 

3  0.787 0.814 
1 0.817 0.843 
2 0.832 0.873 
4  0.615 C3.501 
5  0.846 0 0 9 0 1  
6  0.846 0.901 

33   0 .816 0.873 
25   0 .905  3.960 
29   1 .054  1.134 

ERG. NO. 2 
TEST 
POINT 
NO. HP HPU 
11 0.832 0.873 
3 4  0.742 0.814 

7  0.742 0.814 
8 0.816 0.873 
9 0.801 0.873 

10 0.861 0.931 
1 2  0.920 0.960 
2 6  0.890 0.960 
3 0  1.038 1 0 1 3 4  

CONFIGVRATION 

HPL H P U L l  
1 0 0 9 6  1.928 
0.908 1.567 
0.939 1.688 
0.939 1.688 
0.906 1.628 
0.906 1.568 
0.844 1.448 
1.096 1.869 
1.033 1.d68 

0 AMBIENT 

HPUL2 HPULD 
2.166 -0.238 
1.784 -0.217 
1.847 -0.160 
1.910 -0.223 
1.72C -0.092 
1.720 -0.151 
1.592 -0.145 
2.166 -0.297 
2.102 -0.234 

PRESS  10.5PSIA 

M 
0.547 
0.629 
0.609 
0 0 6 @ 2  
0.630 
0.636 
0.664 
0 0 . 5 5 4  
00 5 6 1  

I 

EBL EBU 
0.102 
0.100 
0.078 
0.055 
0.098 
0.119 
0.119 
0 0 1 2 3  
0.058 

CONFIGURATION B AMBIENT  PRESS  7.2PSIA 

HPL 
1.251 
0.781 
9.844 
0.969 
1.033 
1.033 
1.064 
1 .065 
0.971 

HPUL 1 
2.230 
1.327 
1.507 
1.748 
1.868 
1.808 
1.928 
1 e 8 6 8  
1.747 

HPUL2  HPULD 
2.484 -0.254 
1.528 -0.201 
1.656 -0.148 
1.910 -0.162 
2.165 -0.297 
2.102 -0.294 
2.165 -0.236 
2.229 -0.362 
2 . 0 3 6  - 0 . 2 9 0  

CONF I G l J R A T  I O N  B AMB I ENT 

HPL 
0.760 
0.70C 
0.79C 
0.730 
0.790 
0.790 
Lie760 
0 0 8 5 1  
0.973 

H P U L l  
1 e 5 4 6  
1 e 6 0 6  
1 m665 
0.862 
1 e 6 6 5  
1.665 
1 m665 
1.783 
2.080 

CONFIGURATION 

H P L   H P U L l  
0.790 1.665 
0.669 1.486 
0.669 1.486 
0.760 1.665 
0.730 1.605 
0.790 1.724 
0.881 1.843 
0.820 1.783 
0.942 2.080 

HPUL2 
1 e 6 0 4  
1.662 
1.662 
1.600 
1.719 
1.719 
1.600 
1.838 
2.134 

HPULD 
-0 .058 
-0 0 5 6  

0.003 
-0.738 
-0.055 
-0.055 

0.065 
-0.955 
-0.054 

B AMBIENT 

HPULZ  HPULD 
1.662 0.003 
1.480 0.005 
1.480 0.005 
1.600 0.065 
1.600 0.905 
1.719 0.004 
1.838 0.005 
1.777 0.007 
2.073 0.008 

M EBL 
0.479 
0.684 
0 0 6 5 0  
0.595 
0 0  5 5 4  
(2.567 
0.547 
3.547 

58 1 

PRESS  10.5PSIA 

M 
0.665 
0.652 
0.646 
3.738 
0.649 
0 6 4 0  
0.653 
0.615 
0.552 

PRESS 7 

M 
0 6 4 6  
0 e 6 8 4  
0.684 
0.653 
0.559 
0.634 
0.608 
0 .621  
0.558 

>ELTA DELTA 
E d L  EBU 

-0.003 
-0.025 
-0.047 
-0.004 

0.017 
0 - 0 1 6  
0.021 

-0 0 4 4  

DELTA 
EBU  EBL 

0.103 
0.095 
0.075 
0.077 
0.036 
0.079 
0.057 
0.058 
0.935 

DELTA 
EBU 

-0 0 008 
-0.028 
-0.026 
-0.068 
-0.024 
-0.046 
-0  0 4 5  
-0.068 

E B L  € 6 0  
0.038 
0.037 
0.058 

0.161 
0.C78 
O e C ' 7 e  
0.080 
0.077 
0 .114  

' - 2 P S I A  

EBL  EEU 
0.058 
00 1 0 3  
0.103 
0.080 
0.101 
'3.099 
0.055 
0.098 
0.136 

3ELTA OKLTA 
Et iL  E6U 

-9.001 
0.020 
0.200 
0.040 
0.040 
0.042 
0.038 
0.076 

DELTA I 
EBL 

0.045 
0- 0 4 5  
0.022 
0.343 
0.041 

-0.003 
0 - 0 4 0  
0.078 

I E L T A  
EUU 
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BRG. NO. 1 
TEST 
PO I NT 
NO. HP  HPU 
1 5  1.781 1.810 
13 1.472  1.503 
14 1.518  1.535 
16  1.565  1.565 
17 1.379  1.382 
18 1.380 1.353 
31 1.364 1.353 
27 1.426  1.412 
3 5  1.271  1.230 

BRG. NO. 1 
TEST 
POINT 
NO. HP HPU 
2 3  1.858 10899 
3 2  1.349 1.323 
19 1.410 10414 
20 1.472 1.474 
2 1  1.214 00926 
2 2  1.518 1.565 
24 1.410 1.503 
28 1.363 1.442 
36 1.379 1 0 3 5 3  

BRG. NO. 2 
TEST 
PO I NT 
NO. HP  HPU 
1 5  1.308  1.309 
1 3  1.455 1.512 
14 1.440  1.484 
16 1.321 1.367 
17 1.455 1.513 
18 1.410  1.484 
3 1  1.410  1.484 
27 1.515 1.542 
3 5  1.574 10630 

BRG. NO. 2 
TEST 
PO I NT 
NO. HP  HPU 
2 3  1.262  1.309 
3 2  1.395  1.484 
19 1.365  1.425 
20 1.410  1.484 
2 1  1.306  1.397 
2 2  1.365  1.425 
24 1.529  1.600 
28 1.500  1.542 
36 1.514  1.600 

CONFIGURATION B AMbIENT  PRESS  lO.5PSIA 

HPL 
1.752 
1.441 
1 5 0 2  
1 e564 
1.375 
1.407 
1.375 
1 e439 
1.312 

HPUL 1 
3.432 
2.769 
2.891 
30011 
2.651 
2.592 
2.592 
2.711 
2.411 

HPULZ  HPULD 
3.692 -0.260 
3.119 -0.350 
3.182 -0.292 
3.247 -0.236 
2.863 -0.212 
2.928 -0.336 
2.863 -0.272 
2.992 -0.281 
2.673 -0.262 

M 
0.212 
0.349 
0.328 
0. 308 
0. 390 
0.389 
0.397 
0.369 
0.438 

EBL  EBU 
0.041 
0.044 
0.023 
0.000 
0.005 

Om039 
00016 
0.019 
0.058 

CONFIGURATION B AMBIENT  PRESS  7o2PSIA 

DELTA 
EBL 

0.003 
-0.018 
0.041 

-0.036 
0.079 
0.057 
0-060 
0.099 

HP L 
1.816 
1.375 
1.407 
1.470 
1.502 
1.471 
1.316 
1.284 
1.405 

H P U L l  
3.611 
2.532 
2.651 
20831 
1.609 
2.890 
2.647 
2.588 
2.652 

HPUL2  HPULD 
3.820 -0.210. 
2.863 -0.332 
2.991 -0.340 
3.055 -0.224 
3.246 -1.636 
3.182 -00293 
2.991 -0.343 
2.863 -0.276 
2.863  -0.211 

DELTA 
M EBL  EBU  EBL 

0.178  0.059 
0.403  0.037  0.096 
0.376 0.005  -0.054 
0.349 0.000 0.059 
0.463  0.407 Om466 
00328  0-066 0.007 
0.376 00133 0.074 
0.397  0.112 0-053 
0.390 0.037 0-096 

CONFIGURATION B AMBIENT  PRESS  10.5PSIA 

HPL 
1 306 
1.397 
1.397 
1.276 
1 397 
1.336 
1.336 
1.489 
1.519 

HPUL 1 
2.677 
2.973 
2.973 
2.736 
3.032 
2.934 
2.914 
3.092 
3.270 

HPUL 2 
2.554 
'2.846 
2.788 
2.550 
2.788 
2.727 
2.727 
2.970 
3.027 

HPULD M 
0.123 0.444 
0.128 00381 
0.185 0.387 
0.186 0.438 
0.244 0.381 
0.187 0.400 
0.187 0.400 
0.123 0.355 
0.243 00330 

EBL 
0.000 
0.081 
0.061 
0-065 
0.082 
0.104 
0 0  104 
00037 
00078 

CONFIGURATION B AMBIENT  PRESS  7.2PSIA 

DELTA 
EBU  EBL 

HPL 
1.215 
1 306 
1 306 
1.336 
1.215 
1 306 
1.458 
1.458 
1.427 

HPUL 1 
2.617 
2.914 
2.855 
2.914 
2.735 
2.855 
3.151 
3 092 
3.151 

HPULZ  HPULD 
2.431 0.186 
2.665 0.249 
2.607 0.247 
2.727 0.187 
2.488 0.247 
2-607 0.247 
2.965 0.186 
2.908 0.185 
2.903 0.248 

M 

0.407 
0.419 
0 400 
0.444 
0.419 
0.349 

.a* 362 
0.356 

0.463 
E B L  EBU 

0.067 
0.126 
0.085 
00 104 
0.129 
0.085 
0.100 
0.059 
0.122 

0.081 
0.061 
0.065 
0.082 
0. $04 
0- 104 
0.037 
0.078 

DELTA 
EBL 

0.059 
0.018 
0.037 
0.062 
0.018 
0.034 

-0.007 
0 - 0 5 6  

DELTA 
EBU 

D t L T A  
EBU 

DELTA 
EBU 

DELTA 
EBU 
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BRG.  NO 1 
TEST 
POINT 
NO. HP HPU 

3  1.174 1.754 
1 1.004 1.477 
2 1.019 1.507 
4  1.034 1.507 
5  0.988 1.475 
6  1.004 1.507 

2 5  1.019 1.507 
2 9  0.881 1.293 
3 3  0.957 1.477 

BRG. NO. 1 
TEST 
POINT 
NO. HP  HPU 
11 1.311 2.060 

7  0.988 1.538 
8 1.065 1.661 
9  1.157 1.784 

10 10080 1 0 6 9 1  
1 2   1 0 0 6 5  1.661 
2 6  1.018 1.568 
3 0   0 . 8 4 9  1.354 
3 4   0 . 8 7 9  1.416 

BRG. NO. 2 
TEST 
POINT 
NO. HP  HPU 

3 0.927 1 0 3 3 8  
1 1 0 0 5 9  1 0 5 7 1  
2  1.030 1 0 5 1 2  
4  0.928 1.308 
5 1.001 1.454 
6 0.971 1.425 

25   0 .986  1 0 4 2 5  
29   1 .059 1.571 
33   1 .044 1 0 5 4 2  

BRG. NO. 2 
TEST 
POINT 
NO. HP  HPU 
11 0.941  1.425 

7 0.91'2 1.367 
8 0.897 1.367 
9 0.839 1.221 

10 0.941 1.425 
1 2   1 . 1 1 5 ,  1.745 
2 6  1.014 1.542 
30  0.954 1.513 
3 4  0.925 1.455 

CONFIGURATION C AMBIENT  PRESS  10.5PSIA 

HPL 
0.594 
0.531 
0.531 
0.561 
0.501 
0.501 
0.531 
0.468 
0.438 

HPUL 1 
2.098 
1 7 9 9  
1.859 
1.920 
1.798 
J.798 
1.859 
1.560 
1.678 

HPUL2 HPULD 
2.596 -0.498 
2.217 -0.418 
2.217 -0.358 
2.217 -0.297 
2.154 -0.356 
2.217 -0.419 
2.217 -0.358 
1.963 -0.404 
2.152 -0.475 

M EBL 
0.481 0.821 
0.556 0.669 
0.549 0.690 
0.542 0.669 
0.563 0.689 
0.556 0.712 
0.549 0.690 
0.610 0.583 
5.576 0.735 

CONFIGURATION C AMBIENT  PRESS  7.2PSIA 

HPL 
0.561 
0.438 
0.468 
0.531 
0.468 
0.468 
0.468 
0.343 
0.343 

HPUL 1 
2.396 
1.737 
1.917 
2.097 
1.977 
1.917 
1.858 
1.497 
1.557 

HPUL2 HPULD 
2.847 -0.451 
2.215 -0.478 
2.342 -0.424 
2.532 -0.435 
2.342 - 0 0 3 6 5  
2.342 -0.424 
2.215 -0.358 
1.898 -0.400 
1.961 -0.404 

M 
0.420 
0.563 
0.529 
0.488 
0.522 
0.529 
0.549 
0.624 
0.611 

E B L  
1.060 
0.778 
0 0  8 4 3  
0.886 
0.864 
0.843 
0.778 
0.725 
0.758 

CONFIGURATION C AMBIENT  PRESS  10.5PSIA 

HPL 
0.517 
0.547 
0.547 
0.547 
0.547 
0.517 
0.547 
0.547 
00 5 4 7  

HPULl   HPUL2  HPULD 
1.777 1.932 -0.154 
2.073 2.162 -0.089 
2.014 2.104 -0.090 
1.778 1.932 -0.153 
1.955 2.047 -0.092 
1.895 1.989 -0.094 
1.955 1.989 - 0 0 0 3 4  
2.073 2.162 -0.089 
2.073 2.104 -0.031 

M 
0 0 6 0 5  
0 -  5 4 9  
00 5 6 2  
0.605 
0.574 
0.587 
0.58C) 
0.549 
0.556 

E B L  
0.580 
0.724 
0.683 
0.538 
0.642 
3.642 
0.621 
0.724 
0.704 

CONFIGURATION C AMt3IENT  PRESS  7.2PSIA 

HPL 
0.456 
0.456 
0.426 
Om456 
0.456 
0.486 
0.486 
0.395. 
0.395 

HPUL 1 
1.83s 
1.774 
1.717 
1 - 6 0 0  
1.835 
2.131 
2.013 
1.893 
1.834 

HPUL2  HPULD 
1.928 -0.092 
1.870 -0.094 
1.870 -0.154 
1.755 -0.155 
1.928 -0.092 
2.330 -00199 
2.043 -0.029 
1.923 -0.030 
1.866 - 0 0 0 3 1  

M EEL  
0.600 0 - 6 8 6  
0.612 0.644 
0.618 0.666 
0.643 0.541 
0.600 0.686 
0.525 0.890 
0.569 0.747 
0.594 0.791 
0.606 0.749 

DELTA 
EBU  EBL 

-0 1 5 2  
-0 1 3 0  
-0.152 
-0.131 
- 0 -  1 0 9  
-0 1 3 0  
-0.237 
- 0 0 0 8 6  

DELTA 
EBU  EBL 

-0.282 
-0.217 
-0.174 
-0 1 9 6  
-0.217 
-0.282 
-0 3 4 5  
-00 3 0 2  

DELTA 
EBU  EBL 

0.144 
0.102 

-0 0 4 2  
0 .061  
0.062 
0.041 
0 0 1 4 4  
0.123 

DELTA 
EBU  EEL 

-0 0 4  1 
-0.020 
- 0 0 1 4 4  

0.000 
0.205 
0.061 
0.105 
0.064 

DELTA 
EBU 

DELTA 
EUU 

DELTA 
EBU 

DELTA 
EBU 



TEST 
BRG.  NO. 1 CONFIGURATION C AMBIENT PRESS 10.5PSIA 

PO I NT 
NO.  HP 
15 1.696 
13  1.294 
1 4  1.373 
16  1.465 
17  1.232 
18 1.185 
3 1  1.234 
27 1.542 
35  1.264 

HPU 
2 m674 
1 a994 
2.152 
2.244 
1.903 
1.903 
1.938 
2 0460 
2.029 

BRG. NO. 1 
TEST 
POINT 
NO. HP HPU 
2 3  1.632 2.703 
32 1.062 1.750 
19  1.217 2.029 
20 1.279 2.152 
2 1  1.372 2.244 
Z? 1.356 2.244 
24  1.418 2.367 
28 1.479 2.460 
36 1.279 2.152 

BRG.  NO. 2 
TEST 
PO I NT 
NO.  HP  HPU 
15  1.221  1.804 
13 1.382 2.126 
1 4  1.338 2.036 
1 6  1.280 1.891 
17  1.468 2.298 
18  1.396 2.154 
3 1  1.381 2.124 
27  1.381 2.124 
35   10353 2.067 

BRG.  NO. 2 
TEST 
PO I NT 
NO. HP HPU 
23 1.233 1 0 9 2 0  
32 1.291 2.095 
1 9  l o 2 7 7  2.037 
20  1.335 2.154 
2 1  1.233 1.949 
2 2  1.335 2.154 
24  3.510 2.473 
28  1.437 2.327 
36 1.305 2.154 

HPL 
0.719 
0.594 
0.594 
0.687 
0.561 
0.467 
0.531 
0.624 
u.499 

HPULl 
3 0 1 1 4  
2.516 
2.516 
2.697 
2.396 
2.336 
2.216 
2.815 
2.336 

HPUL2 
3.671 
2.659 
2.975 
3.165 
2.532 
2.403 
2.721 
3.353 
2.720 

HPULD 
-00556 
-0.144 
-0.459 
-0.468 
-0 0 135 
-0.068 
-0.505 
-0.538 
-0.384 

M EBL 
0.249 10383 
0.428 0.990 
0.393 1.102 
0.352 1.102 
0.455 0.949 
0.476 1.016 
0.454 0.995 
0.318 1.298 
0 0 4 4 1  1.082 

CONFIGURATION C AMBIENT PRESS 7oZPSIA 

HPL 
0.561 
0.374 
0.406 
0 406 
0.499 
0 468 
0.468 
0.499 
0.406 

HPUL 1 
3.052 
2.035 
2.214 
2.333 
2.514 
2.454 
2.573 
2.693 
2.333 

HPUL2 HPULD M 
3.478 -0.426 0.278 
2 0 2 1 3  -0.178 0.5.30 
2.656 -0.442 0.461 
2.782 -0.449 0.434 
2.972 -0.458 0.393 
2.972 -0.519 0.400 
3.098 -0.525 0.373 
3.224 -0.531 0.345 
2.782 -0.449 0.434 

EBL 
1 0 5 1 5  
0.974 
1.148 
1.235 
1.234 
1.256 
1 0 3 4 3  
10 387 
1.235 

CONFIGURATION C AMBIENT PRESS 10.5PSIA 

HPL 
0.639 
0.639 
0.639 
0.669 
0.639 
0.639 
0.639 
00639  
0.639 

HPULl HPUL2. HPULD 
2.369 2.515 -0.146 
2.841 2.688 0.153 
2.605 20745 -0.141 
2.547 2.573 -0.026 
2.841 3.033 -0.192 
2.782 2.803 -0.021 
2.723 2.803 -0.080 
2.723 2.803 -0.080 
2.723 2.688 0.035 

M 
0.480 
0.412 
0.431 
0.455 
0.  375 
0.406 
0.412 
0 4.1 2 
0.424 

EBL 
0.824 
1.052 
0.988 
0.865 
1.174 
1.071 
1.050 
1 050  
1.010 

CONFIGURATION C AMBIENT PRESS 7.2PSIA 

HPL 
0. 547 
0.486 
0 0 5 1 7  
0.517 
0.517 
0.517 
0.547 
0 547 
0.456 

HPULl 
2.427 
2.603 
2 0 5 4 4  
20662  
2.426 
2.662 
2.957 
2.781 
2.602 

HPUL2 HPULD 
2.507 -0.080 
2.560 0.043 
2 0 5 6 4  -0.021 
2.679 -0.018 
2.507 -0.081 
2.679 -0.018 
3.082 -0.124 
2.967 -0.186 
2.618 -0.016 

M EBL 
0.475 0.971 
0.451 1 0 1 3 8  
0 0 4 5 7  1 0 0 7 5  
0.432 1.157 
0.475 1.013 
0.432 1.157 
0.358 1.362 
0.389 1.259 
0.445 1.200 

DELTA 
EBU EBL 

-0.392 
-00281 
-0.281 
-0 434  
-0.367 
-0.388 
-0.084 
-0.300 

DELTA 
EBU EBL 

-0 54 1 
-00367 
-0.280 
-0 280 
-0.259 
-0 172 
-00128 
-0.280 

DELTA 
EBU EBL 

0.228 
0.165 
0 .041 
0.350 
0.248 
0.227 
0 . 2 2 7  
0.186 

DELTA 
EBU EBL 

DELTA 
EBU 

DELTA 
EBU 

DELTA 
EBU 

DELTA 
EBU 
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BRG. NO. 1 
TEST 
POINT 
NO. HP HPU 

3  1.144 1.163 
1 0.957 1.071 
2 0.989 1.071 
4 1.004 1.102 
5  0.926 1.041 
6  0.833 0.950 

2 5  0.989 1.072 
29  0.818 0.950 
33 0.802 0.918 

BRG.  NO. 1 
TEST 
PO I NT 
NO- HP  HPU 
11 0.989  1.041 

7  0.803 0.950 
8 0.804 0.950 
9  0.834 0.950 

1 0  0.818 0.950 
12  0.895 1.041 
26  0.927 1.072 
3 0  0.756 0.950 
3 4  0.787 0.979 

BRG.  NO. 2 
TEST 
PO I NT 
NO. HP  HPU 

3 0.951 1.018 
1 0.979 1.105 
2  0.994 1.105 
4  0.950 1.047 
5  0.994 1.134 
6  1.038 1.192 

2 5  1.024 1.163 
29 1.038 1.192 
3 3  1.038 1.192 

BRG.  NO. 2 
TEST 
POINT 
NO. HP HPU 
11 0.891 0.960 

7 0.949 1.105 
8 "949 1.075 
9 0.875 0.988 

1 0  0.920 1 0 0 4 7  
1 2  1.024 1.163 
26  1.024 1.163 
3 0  1.007 1.192 
34  0.993 1.162 

CONFIGURATION  D AMBIENT PRESS 10.5PSIA 

HPL 
1.125 
0.844 
0.906 
0.906 
0.812 
0.717 
0.906 
0.687 
0.687 

HPUL 1 
2.348 
1.984 
2.045 
2 045  
1.925 
1.745 
1.986 
1.684 
1.684 

HPULZ 
2.228 
1.845 
1.909 
1.972 
1 78'0 
1.589 
1.972 
1.589 
1.526 

HPULD 
0.120 
0.140 
0.136 
0.073 
0 0  1 4 4  
0.156 
0.014 
0.095 
0.158 

M 
0.494 
0.576 
0.563 
0.556 
0.590 
0.631 
0.562 
0.638 
0.645 

EBL 
0.027 
0. 160  
0.116 
0.138 
0.162 
0. 165 
0.117 
0.186 
0. 1 6 4  

CONFIGURATION D AMBIENT PRESS 7.2PSIA 

HPL 
0.937 
0.656 
0.658 
0.719 
0.687 
0.749 
0.781 
0.561 
0.594 

HPULl  
2.046 
1 e623 
1 562 
1.684 
1.684 
1 - 8 6 4  
1.864 
1.562 
1.622 

HPUL 2 
1.909 
1.589 
1.653 
1.653 
1.589 
1.716 
1.843 
1.460 
1.524 

HPULD 
0.137 
0.034 

-Coo91 
0.031 
0.095 
00 148 
0.020 
0.102 
0 097 

M 
0 0  562 
0.645 
0 644  
0.631 
0.638 
0.604 
0.590 
0 666 
0.652 

E6L 
0.073 
0.208 
0.206 
0.163 
0.186 
0.206 
0.206 
0.275 
0.273 

CONFIGURATION D AMBIENT PRESS 10.5PSIA 

HPL 
0.884 
0.853 
0.884 
0.853 
0.854 
0.884 
0 .884  
0.884 
0.884 

HPUL 1 
1.723 
1.781 
1.781 
1.723 
1.722 
1 m840 
1 0 8 4 0  
1.840 
1 e840 

HPUL2 HPULD 
2.081 -0.359 
2.134 -00353  
2.196 -0.415 
2.077 -0.354 
2.254 -0.532 
2.311 -0.471 
2.254 -0.413 
2.31 1 -0.471 
2.311 -0.471 

M EBL 
0.595 0.095 
0.583 0.178 
0.577 0.156 
0.596 0.137 
0.577 0.198 
0.558 0.218 
0.564 0.197 
0.558 0.218 
0.558 0.218 

CONFIGURATION D AMBIENT PRESS 7.2PSIA 

HPL 
0.823 
0.793 
0.823 
0.762 
@.793 
0.884 
0.884 
C.823 
0.823 

HPULl HPUL2 HPULD 
1.604 1.962 -0.358 
1.662 2.134 -0.473 
1.663 2.134 -0.472 
1.544 1.958 -0.414 
1.603 2.077 -0.474 
1.840 2.254 -0.413 
1.840 2.254 -0.413 
1.780 2.249 -0.469 
1.722 2.249 -0.528 

M 
0.621 
0.596 
0.596 
0.628 
0. 609 
0 0  564 
0.564 
0.571 
0.578 

EBL 
0.096 
0.220 
0- 178  
0.160 
0.179 
0.197 
0.197 
0.261 
0.240 

DELTA 
EBU EBL 

0.133 
0 - 0 8 9  
.0.111 
0.135 
0.137 
0.090 
0- 159  
0.136 

DELTA 
EBU EbL 

0.134 
C-133 
0.090 
00113 
0.133 
0 0 1 3 2  
0.201 
0.199 

DELTA 
EBU EBL 

0.083 
0m062 
0.042 
00 1 0 3  
00 123 
0.103 
0.123 
0.123 

DELTA 
EBU EBL 

0 0 1 2 4  
0.082 
0.063 
0.083 
0.101 
0.101 
0.164 
0 0 1 4 3  

DELTA 
EBU 

DELTA 
EBU 

DtLTA 
EBU 

DELTA 
EBU 
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TEST 
BRG. NO. 1 CONFIGURATION  D  AMBIENT  PRESS  10.5PSIA 

POINT 
NO. HP 
1 5  1.652 
1 3  1.388 
14 1.389 
16 1.497 
17 1.310 
1 8   1 . 2 4 9  
2 7  1.420 
3 1   1 . 2 6 4  
35  1 .172 

HPU 
1 e 8 0 5  
1.743 
1.714 
1.743 
1.682 
1.623 
1.745 
L e 6 8 2  
1.530 

BRG. NO. 1 
TEST 
POINT 
NO. HP HPU 
2 3  1.606 1 0 8 0 5  
19  1.202 1.621 
2 0  1.233 1.621 
2 1  1.296 1.591 
2 2  1.295 1.652 
2 b  1.356 1.805 
2 8  .1.373 1.775 
3 2  1.186 1.682 
3 6  1.186 1.582 

BRG. NO. 2 
TEST 
POINT 
NO. HP HPU 
1 5  1.277  1.366 
1 3   1 . 5 1 3   1 0 7 1 5  
14   1 .484  1 .657 
16   1 .291  1 .453 
17  1.438  1.657 
18 1.423  1.657 
27   1 .379  1 .569 
3 1  1 . 4 5 2   1 0 6 8 6  
3 5  1 . 3 7 7   1 0 6 2 7  

ERG. NO. 2 
T E S T  
PO I NT 
NO. HP HPU 
23   1 .336   1 .453  
1 9  1.408  1.657 
20  1 .408  1 .657 
2 1   1 . 2 9 1  1.453 
2 2   1 . 4 3 8   1 0 6 5 7  
2 4   1 . 5 7 2  1.802 
28  1.424  1.627 
32  1.407  1.686 
36  1.258  1.511 

HPL 
1 5 0 0  
1.033 
1.064 
1.251 
0.939 
0.876 
1.094 
0.846 
0.813 

H P U L l  
3.428 
2.821 
2.822 
3.065 
2.701 
2.521 
2.883 
2.579 
2.400 

HPUL2 
3.181 
2 0 7 3 2  
2.732 
2.925 
2 - 5 4 1  
2.476 
2 - 7 9 5  
2 - 4 7 6  
2.286 

HPULD 
0.247 
0.089 
0.090 
0.139 
0.160 
0 044 
0.088 
0.103 
0.114 

M 
0.269 
0. 386 
0.386 
0 0 3 3 7  
0.420 
0.447 
0.372 
0.441 
0.482 

E B L  
0.215 
0.502 
0.460 
0.348 
0. 5 2 6  
0.528 
0.460 
0.592 
00 5 0 7  

CONFIGURATION  D  AMBIENT  PRESS  7.ZPSIA 

HPL 
1.407 
0.783 
0.846 
1.001 
0.939 
0.908 
0.971 
0.690 
0.690 

HPUL l   HPUL2  
3.307 3 0 1 1 7  
2.459 2.349 
2.519 2.413 
2.642 2.542 
2.641 2.541 
2.759 2.667 
2.760 2.731 
2.396 2.348 
2.396 2.348 

HPULD 
0.190 
0.110 
0.106 
0.100 
0.100 
0.092 
0 0 2 9  
0.049 
0.049 

M 
0.289 
0.468 
0 4 5 4  
0.427 
0.427 
0.400 
0.393 
0.475 
0.475 

EBL  
0.281 
0. 5 9 2  
0 5 4 8  
0.417 
0.505 
0.634 
0.569 
0. 7 0 2  
0.702 

CONFIGURATION  D  AMBIENT  PRESS  10.5PSIA 

HPL 
1 1 8 8  
1.310 
1.310 
1.128 
1.219 
1.189 
1.189 
1.219 
1.128 

H P U L l  
2.317 
2.732 
2.673 
2.316 
2.553 
2.493 
2 0 3 7 5  
2.553 
2.434 

HPUL2  HPULD  M 
2.793 -0.476 0.456 
3.319 -0.587 0.356 
3.261 -0.589 0.369 
2 0 8 4 6  -0.530 0.451 
3 0 2 0 0  -0.647 0.388 
3 0 2 0 0  -0.707 0.394 
3.142 -0.767 0.413 
3.257 -0.704 0.382 
3.076 -0.642 0.414 

E B L  
0.126 
0.286 
0.245 
0.230 
0.309 
0.331 
0.269 
0.330 
0.353 

CONFIGURATION  D  AMBIENT  PRESS  7.2PSIA 

HPL 
1.219 
1.158 
1.158 
1.128 
1.219 
1.341 
1.220 
1.128 
1.006 

HPUL 1 
2.376 
2.493 
2.493 
2.316 
2.553 
2.791 
2.434 
2.493 
2.196 

HPUL2  HPULD 
2.970 -0.594 
3.138 -0.645 
3.138 -0.645 
2.846 -0.530 
3.200 -0.647 
3.496 -0.705 
3.261 -0.827 
3.133 -0.641 
2.837 -0.641 

M 
0.431 
0.401 
0.401 
0.451 
0.388 
0.331 
0 3 9 4  
0.402 
0,465 

E B L  
0.166 
0.352 
0.352 
0.230 
0.309 
0.326 
0.288 
0.395 
0.357 

DELTA 
EBU  EBL 

0.287 
0.244 
0.132 
0.310 
0.312 
0.245 
0.376 
0.291 

DELTA 
EBU  EBL 

0.311 
0.267 
0.136 
0.223 
0.353 
0.287 
0.420 
0.420 

DELTA 
EBU  EEL 

0.160 
0.119 
0 0 1 0 5  
0.184 
0.206 
0. 143 
0 - 2 0 4  
0.228 

DELTA 
EBU :El. 

0 0  E87 
0.187 
00.065 
0. 144 
0*€68 
0.122 
0 -2-29 
0.192 

DELTA 
EBU 

DELTA 
EBU 

DELTA 
EBU 

DELTA 
EBU 
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TEST 
PO I NT 
NO. HP  HPU 

BRG. NO. 1 

3  1.067 1.134 
1 0.958 1.072 
2  0.974 1.072 
4  0.989 1.072 
5  0.943 1.104 
6 0.864 10011 

25  1 .096 1.286 

33  0.849 1.011 
2 9  0.782 1.072 

BRG. NO. 1 
TEST 
POINT 
NO. HP HPU 
11 1.128 1.256 

7 0.657 0.981 
8 0.972 1.163 
9 0.988 1.163 

1 0  0.988 1.163 
1 2  1.035 1.256 
2 6  1.081 1.286 
3 0  0.849 1.072 
3 4  0.802 1.011 

BRG. NO. 2 
TEST 
POINT 
NO.  HP  HPU 

3  0.846 0.960 
1 0.905 1.047 
2 0.920 1.047 
4  0.831 0.960 
5  1.052 1.221 
6  0.978 1.162 

25   0 .919  1.075 
29   0 .965  1.075 
3 3  1.008 1.163 

ERG. NO. 2 
TEST 
POINT 
NO. HP  HPU 
11 0.921  1.017 

7  0.978 1.162 
8 1.053 1.191 
9 0.935 1.075 

1 0  0.950 1.075 
1 2  1.038 1.191 
2 6   0 . 9 3 4  1.104 
3 0   0 . 8 8 8  1 0 0 7 5  
3 4  0.933 1.134 

CONFIGURATION  E  AMBIENT  PRESS  10.5PSIA 

HPL 
0.999 
0.844 
0.876 
0.906 
0.781 
0.717 
0.906 
‘2.492 
0.687 

HPUL 1 
2.167 
1.925 
1.925 
1.986 
1.864 
1 8 0 4  
2.224 
1 .a64 
1.743 

HPUL2 
2.099 
1.908 
1.972 
1.. 9 7  2 
1.906 
1.652 
2.161 
1.265 
1.652 

HPULD M 
0.067 0.528 
0.017 C.576 

-0.047 0.569 
0 0 0 1 4  C.562 

-0.043 0.583 
0.152 0 0 6 1 8  
0.063 0.515 
0.599 C.654 
0.092 0.624 

E B L  
0.095 
0.162 
0 0 1 3 9  
0 0 1 1 7  
0.228 
0.208 
0.268 
0.410 
0 0 2 2 9  

CONFIGURATION  E  AMBIENT PRESS 7.2PSIA 

HPL 
0.999 
0.333 
0.781 
0.813 
0.813 
0.813 
0.876 
0.626 
0.594 

H P U L l  
2.286 
1 0 5 6 2  
1.983 
1.983 
1.983 
2.043 
2.163 
1.681 
1 0 6 2 2  

HPUL2 
2.225 
1.067 
1.906 
1.971 
1.971 
2.097 
2.161 
1.715 
1.587 

HPULD 
0.061 
0.495 
0.077 
0.012 
0.012 

- 0 - 0 5 4  
0.002 

-0.034 
0.034 

M 
0.501 
0.709 
0.570 
0.563 
0.563 
0.542 
0 0 5 2 2  
0.624 
0.645 

EBL  
0.182 
0.458 
0.270 
0.248 
9 - 2 4 8  
0.313 
0.290 
0 0 3 1 6  
0.295 

CONFIGURATION E AMBIENT  PRESS  10.5PSIA 

HPL H P U L l  
0.732 1.484 
0.763 1.543 
0.793 1 0 6 0 3  
0.701 1.484 
0.884 1.840 
C.794 1.602 
0.763 1.543 
0.854 1.663 
0.853 1 0 8 4 0  

HPULZ  HPULD 
1.900 -0.416 
2.077 -0.534 
2.077 -0.474 
1.838 -0.355 
2.369 -0.528 
2.311 -0.710 
2.134 -0.592 
2.196 -0.534 
2.192 -0.352 

M EEL 
Om640 0.161 
0.615 0 0 2 0 0  
0.609 0.179 
0.647 0.183 
0.552 0 0 2 3 8  
0.584 0.260 
0.609 0 - 2 2 1  
0.589 0.156 
0.571 0.219 

CONFIGURATION  E  AMBIENT  PRESS  7.2PSIA 

HP L 
0.824 
0.794 
0.915 
0.794 
0.824 
0.885 
0.763 
0.701 
0.732 

H P U L l  
1 5 4 4  
1.602 
1.781 
1 5 4 3  
1.603 
1.722 
1 5 4 3  
1 5 4 3  
1.602 

HPULZ  HPULD 
2.139 - 0 0 5 9 5  
2.311 - 0 0 7 1 0  
2.431 -0.649 
2.196 -0.654 
2.196 -0.594 
2.431 -0.709 
2.192 -0.649 
2.011 -0.468 
2.130 -0.529 

M 
0 6 0 8  
0.584 
C.552 
0.602 
0.596 
0.558 
0.603 
0.622 
0.603 

EBL  
0.136 
0.260 
0.195 
0.199 
0 0 1 7 8  
0.216 
0.241 
0.264 
0.284 

DELTA 
EBU  EBL 

0.067 
0 0 4 4  
0.022 
0.133 
0.113 
0- 1 7 4  
0.316 
0.135 

DELTA 
EBU EBL 

0 - 2 7 7  
0.089 
0.066 
0.066 
0.132 
0.108 
0.134 
0.114 

DELTA 
EBU EBL 

0 - 0 4 0  
0.018 
0.022 
0.077 
0.100 
0.060 

-0 004 
0.058 

DELTA 
EBU  EBL 

0.124 
0.059 
0.062 
0.041 
0.080 
0.105 
0.128 
0.147 

DELTA 
EBU 

DELTA 
EBU 

DELTA 
EBU 

DELTA 
EBU 
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BRG. NO. 1 
TEST 
P O I N T  
NO. HP HPU 
1 5  1.668 1.836 
1 3  1.358 1.745 
14 1.404 1.745 
1 6  1.481 1.743 
1 7  1.266 1.593 
1 8  1.203 1.561 
27  1.312 1.593 
3 1  1.126 1.439 
35 1.126 1 0 4 3 9  

BRG. NO. 1 
TEST 
P O I N T  
NO. HP HPU 
2 3  1.452 1.623 
1 9  1.141 1 0 5 0 0  
2 0  1.188 1.500 
2 1  1.245 1 0 5 3 0  
22  1.203 1 0 5 3 0  
2 4  1.249 1.623 
28  1.281 1.623 
32 1.125 1.590 
36 1.079 1.500 

BRG. NO. 2 
TEST 
P O I N T  
NO. HP HPU 
1 5  1.322 1.425 
1 3  1.513 1.716 
1 4  1.484 1.657 
1 6  1.321 1.483 
17  1.438 1 0 6 5 7  
1 8  1.438 1.657 
27  1.424 1 0 6 2 8  
31. 1 .454 1 0 6 5 7  
35 1.423 1.657 

BRG. NO. 2 
TEST 
PO I NT 
NO.  HP  HPU 
23  1.277  1.396 
19  1 .360  1 .570 
2 0  1.397  1.605 
2 1  1.305  1.483 
2 2  1.380  1.570 
24  1 .498  1 .686 
28  1.469  1.657 
32  1.408  1.657 
36  1 .392  1 .657 

CONFIGURATION  E  AMBIENT  PRESS 10.5PSIA 

HPL 
1 500 
0.971 
1.064 
1.219 
0.939 
0.844 
1.032 
0.813 
0.813 

HPUL 1 
3.428 
2.701 
2.822 
3.065 
2.522 
2.461 
2.644 
2.281 
2.281 

HPUL2 
3 - 2 4 4  
2.731 
2.795 
2.861 
2.541 
2.349 
2.605 
2.223 
2.223 

HPULD 
0.184 

-0.030 
0.027 
0 0 2 0 4  

-0.019 
0.112 
0.039 
0.058 
0.058 

M EBL 
0.262 0.238 
0.399 0.548 
0.379 0.482 
0.345 0.371 
0.440 0.463 
0.468 0.507 
0.419 0.397 
0.502 0.442 
0.502 0.442 

CONFIGURATION  E  AMBIENT  PRESS  7.2PSIA 

HPL 
1.282 
0.783 
0.876 
0.969 
0.876 
0.876 
0.939 
0.751 
0.658 

HPUL 1 
2.947 
2.280 
2.401 
2.583 
2.461 
2.521 
2.582 
2.280 
2.158 

HPULZ 
2.862 
2.286 
2.350 
2.415 
2.350 
2.476 
2.541 
2 .222  
2.157 

HPULD M 
0.084 0.357 

-0.006 0.495 
0.051 0.474 
0.168 0 0 4 4 7  
0.111 0.468 
0.044 0.447 
0.041 r. -33 
0.058 0.502 
0.001 0.523 

EBL 
0 - 2 4 1  
00 507 
0.441 
0 396 
0 0 4 6 2  
0.528 
0.484 
0.530 
0 .  595 

CONFIGURATION  E  AMBIENT  PRESS  10.5PSIA 

HP L 
1.219 
1.310 
1.310 
1.158 
1.219 
1.219 
1.219 
1.250 
1.189 

HPUL 1 
2.376 
2.791 
2.673 
2.375 
2.553 
2.553 
2.553 
2.553 
2.493 

HPULZ HPULD 
2.912 -0.536 
3.261 -0.471 
3.261 -0.589 
2.908 -0.533 
3.200 -0.647 
3.200 -0.647 
3.142 -0.589 
3.261 -0.709 
3.200 -0.707 

M 
0.437 
0.356 
0.369 
0 0 4 3 8  
0 388 
0. 388 
0.394 
0.381 

r 0 . 3 9 4  

EBL 
0.145 
0.287 
0.245 
0.229 
0.309 
0.309 
0.289 
0.288 
0.331 

CONFIGURATION  E  AMBIENT  PRESS 7.2PSIA 

HPL  HPULl  
1.158 2.316 
1.189 2.434 
1.188 2.553 
1.128 2.375 
1.189 2.434 
1.310 2.732 
1.280 2.613 
1.158 2.493 
1.128 2.493 

HPULP  HPULD 
2.793 -0.477 
3.085 -0.651 
3.034 -0.481 
2.846 -0.471 
3.085 -0.651 
3.261 -0.530 
3.261 -0.649 
3.139 -0.645 
3.076 -0.583 

n 
0.457 
& a 3  
0 4 0 6  
O r 4 4 5  
0.413 
Q* 362 
0.375 
Q 4 4Q1 
0.408 

€a 
0.168 
0-269 
0.295 
0.251 
0. 2 6 9  
c-246 
0.266 
0.352 
0. 3 7 4  

DELTA 
EBU  EBL 

0.310 
0.244 
0.133 
0.225 
0.270 
0.159 
0.204 
0.204 

DELTA 
EBU  EBL 

0 0 2 6 6  
0.200 
0.156 
0.221 
0.287 
0.243 
0.289 
0.355 

DELTA 
EBU E& 

0.  142 
0.100 
0 0084 
0.164 
0.  164 
0.144 
0.142 
0.185 

DELTA 
E8L 

8.10 1 
0.127 

0.101 
0.098 
0.098 

0.206 

0-083 

0 .  &as 

DELTA 
EBU 

DELTA 
EBU 

DELTA 
EBU 

DELTA 
EBU 



TEST 
ERG. NO. 1 CONFIGURATION F AMBIENT  PRESS  10.5PSIA 

POINT 
NO. HP 

3 1.080 
1 0.972 
2 0.941 
4  1.003 
5  1.064 
6 0.971 

2 5   1 0 0 6 5  
2 9  0.000 
3 3   0 . 9 2 6  

HPU 
1 5 0 3  
1.410 
1.34Y 
1.381 
1 5 9 6  
1.442 
1.565 
0.000 
1.381 

BRG. NO. 1 
TEST 
PO I NT 
NO. HP  HPU 
11 1.173  1.721 

7  0.956 1.442 
8 3.987 1.503 
9 1.018 1 0 5 0 3  

10 5.956 1.442 
12   1 .017  1.565 
26   1 .095  1.721 
3 4  0.91C 1.381 

B U G .  NO. 2 
TEST 
PO I NT 
NO. h P  HPU 

3  0.795 1.132 
1 0.910 1 0 3 6 4  
2 0.880 1.334 
4  0.795 1.132 
5  1.074 1.599 
6  0.999 1.511 

2 5  3.010 1.393 
2 9  C.000 @ e 9 0 0  
33   0 .895 1.364 

dUG. YO. 2 
TEST 
PO I NT 
NO. H ?  HPU 
11 5.838 1.249 

7 5.939 1 e 4 5 2  
8 G o 9 3 5  1.452 
9 U.838 1.243 

1 0   d . 9 3 9  1 0 4 5 2  
12   6 .969 1.511 
2 6  C.895 1 0 3 9 3  
3 4   0 . 8 8 0  1.364 

HPL 
0.656 
0.533 
0.533 
0.626 
0.533 
0.501 
0.565 
0.003 
0.472 

H P U L l  
2.100 
1.858 
1 7 9 8  
1.920 
1 a 9 7 7  
1.858 
1.977 
0.0G0 
1 - 6 7 6  

HPUL2 HPULD M 
2.219 -0.120 0 0 5 2 2  
2.029 -0.171 0.570 
1.966 -0.168 0 0 5 8 4  
2.093 - 0 0 1 7 3  0.556 
2.281 - 0 0 3 0 4  0.529 
2.028 -0.170 0.570 
2.282 - 0 0 3 0 5  0.529 
0.000 0.003 1.000 
2.029 -0.353 00 .590  

EBL 
0.599 
0 - 6 2 1  
0.577 
0.534 
0.752 
0.666 
0.707 
0.000 
0.643 

CONFIGURATION  F  AMSIENT  PRESS  7e2PSIA 

HPL 
0.626 
0.470 
0.470 
0.533 
0.470 
0.470 
0.479 
0.440 

HPULl   HPUL2  HPULD 
2.158 2.534 -0.376 
1.797 2.028 -0.231 
1 - 8 5 6  2 0 0 9 1  -9.234 
1.917 2.155 - 0 - 2 3 8  
1.797 2.028 -0.231 
1 0 9 1 6  2.154 -0.238 
1.976 2.406 -0.430 
1.676 1.965 -0.288 

M EBL  
0.481 0.774 
0.577 0.687 
3.563 0 0 7 7 1  
0.550 0.686 
0 8 5 7 7  0.687 
0.550 0.774 
0.515 0.884 
0.597 0.665 

CONFIGURATION F ARBIENT  PRESS  10.5PSIA 

HPL 
0.457 
0.457 
Om426 
0.457 
0.548 
0.487 
0.426 
O.C)L?i, 
0.426 

HPUL 1 
1 3 0 4  
1 a 4 2 2  
1.363 
1.304 
2.013 
1 e 7 7 6  
1 - 4 8  1 
L'.occ 
1.422 

HPUL2  HPULD M 
1.874 -0.570 0.662 
2.219 -0.798 0.613 
2.158 -0.795 0.625 
1.874 -0.570 0.662 
2.281 -0.268 0.543 
2.719 -0.443 0.575 
2.158 -0.677 0.613 
0 .000  0.000 1.000 
2.158 -0.736 0 0 6 1 9  

EBL 
0.477 
0.641 
0 6 4 2  
0.477 
0.744 
0.724 
0.684 
0.000 
0.663 

CONFIGURATION F AMBIENT  PRESS  7.2PSIA 

HP L 
0.426 
(2.426 
0.426 
0.425 
0.426 
0.426 
0.396 
0.306 

H P U L l  HPULZ  HPULD 
1.481 1.870 -0.389 
1.599 2.158 -0.559 
1.599 2.158 -0.559 
1.481 1.870 -0.389 
1.599 2.158 -0.559 
1.717 2 0 1 5 8  -0.441 
1 0 4 2 1  2.158 -0.737 
1.362. 2.158 -0.796 

M 
0 6 4 4  
0.600 
0.600 
0 6 4 4  
0.600 
0.588 
0 0 6 1 9  
0.626 

E B L  
0.582 
0 - 7 2 6  
0 -  7 2 6  
0.582 
0.726 
Om 7 6 7  
0.705 
0.684 

DELTA 
EBU  EBL 

0.022 
-0.022 
- 0 - 0 6 5  

0 - 1 5 3  
0.067 
0.108 
0.599 
0-044 

DELTA 
EBU  EBL 

-0.087 
-0.044 
-0.088 
-0.087 
-0 000 

0.110 
-0.109 

DELTA 
EBU  EEL 

0.164 
0.165 
0.000 
0.266 
0.247 
0 0 2 0 6  
0.477 
00 1 8 6  

DELTA 
EBU EBL 

0.143 
0 0  1 4 3  
0.000 
0- 1 4 3  
0 - 1 8 5  
0.123 
0.102 

DELTA 
EBU 

DELTA 
EBU 

DELTA 
EbU 

DELTA 
EBU 
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BRG.  NO. 1 
TEST 
PO I NT 
NO. HP  HPU 
1 5  1.416  2.146 
13 1.277:  2.022 
-14 1.247 10901 
16  1.263  1.901 
17  1.140  1.747 
18  1.169  1.838 
27 1.232 1.901 
3 1  1-.168  1.866 
3 5  1.031  1.593 

YRG. NO. 1 
TEST 
PO I NT 
NO. HP  HPU 
2 3  1.355 20117 
19  1.138  1.806 
20 1.200  1.899 
21. 1.246  1.992 
2 2  1.169  1.868 
24 1.200 1.929 
2 8  1.201 1.931 
3 2  0.000 0.000 

dRG. NO. 2 
TEST 
PO I NT 
NO. HP HPU 
1 5  1.164 1.690 
13 1.395 2.184 
14 1.324 2.010 
16 1.207 1.776 
17 1.308 2.010 
18 1.308 2.010 
27 1.279 1.952 
3 1  1.395 2.214 
3 5  1.323 2.039 

BRG. NO. 2 
T E S T  
PO I NT 
NO. HP  HPU 
2 3  1.204  1.893 
19  1.220  1.893 
20 1.234  1.922 
21 1.132 1.748 
22 1.249  1.981 
24 1.496  2.476 
28 1.336 2.155 
3 2  0.000  0.000 

CONFIGURATION F AMBIENT  PRESS lO.5PSIA 

HPL 
0.687 
0.533 
0.594 
0.624 
0.533 
0.501 
0.563 
0.470 
0.470 

H P U L l  
2.816 
2.513 
2.456 
2.517 
2.215 
2.334 
2.395 
2.393 
2.035 

HPULZ  HPULD 
2.850 -0.034 
2.596 -0.083 
2.533 -00077 
2.533 -0.016 
2.344 -0.129 
2.343 -0.008 
2.533 -0.138 
2.280 0.113 
2.091 -0.056 

M E B L  
0.373 1.032 
0.435 1.053 
0.448 0.925 
0.441 0.903 
0.496 00859 
0.483 0.946 
0.455 0.946 
0.483 0.987 
0.544 00794 

CONFIGURATION F AMBIENT  PRESS  7.2PSIA 

HP L 
0.594 
0.470 
0.501 
0.501 
0.470 
0.470 
0.470 
0.003 

HPUL 1 
2.635 
2.274 
2.394 
2.454 
2.333 
2.393 
2.333 
0.000 

HPULZ  HPULD M EEL 
2.785 -0.151 0.400 1.077 
2.280 -0.006 0.496 0.945 
2.406 -0.012 0.469 0.989 
2.532 -0.078 0.448 1.055 
2.343 -0.010 0.483 0.988 
2.406 -0.013 0.469 10032 
2.469 -0.136 Om469 1.033 
0.000 0.000 1.000 0.000 

CONFIGURATION F AMBIENT  PRESS  10.5PSIA 

HP L 
0.638 
0.607 
0.638 
0.637 
0.607 
0.607 
0.607 
0.577 
0.608 

HPUL 1 
2.547 
2.959 
2.842 
2.607 
2 842 
2.842 
2.783 
3.017 
2.782 

HPULZ 
2.109 
2.622 
2.454 
2.219 
2 0392 
2.392 
2.334 
2 564 
2.511 

HPULD 
0.438 
0.338 
0.388 
0 387 
0.450 
0.450 
0.448 
0.453 
00270 

CONFIGURATION F AMBIENT 

HP L 
0.516 
0.546 
0.546 
0.516 
0.516 
0.516 
0.516 
0.000 

HPUL 1 
2.545 
2.664 
2.664 
2.486 
2.722 
3.252 
2.840 
0.000 

HPULZ 
2.273 
2.215 
2.273 
2.043 
2.273 
2.733 
2.503 
0.000 

HPULD 
0.272 
0 449 
0.391 
0.443 
0.449 
0.520 
0.337 
0.000 

M EBL 
0.505 0.744 
0.406 1.115 
0.437 0.970 
0.487 0.806 
0.443 0.992 
0.443 0.992 
0.456 0.951 
0.406 1.158 
0.437 1.012 

PRESS  7.2PSIA 

M 
0 488 
0.481 
0.475 
0.518 
0.469 
0.363 
0 432 
1.000 

E B L  
0 974 
0.953 
0.973 
0.871 
1 036 
1. 386 
1.159 
0 . 000 

DELTA 
EBU  EBL 

0.021 
-0.108 
-0. 129 
-0 . 174 
-0.087 
-0.086 
-0.045 
-0-238 

DELTA 
EBU EBL 

-0 1 3 2  
-0.088 
-0.022 
-0.089 
-0.045 
-0 044 
1.077 

DELTA 
EBU  EBL 

0.371 
0.226 
0.062 
0.248 
0 . 298 
0-207 
0.414 
0.268 

DELTA 
EBU  EBL 

-0.021 
-0.000 
-0.102 
00063 
0.413 

0 0  914 
0 . 1 ~  

DELTA 
EBU 

DELTA 
EBU 

DELTA 
EBU 

DLLIA 
EBU 



APPENDIX K: REDUCTION  OF  ROTOR POSITION DATA ACQUIRED  DURING  ROTOR-BEARING - 
ALTERNATOR TESTING 

D u r i n g   t h e   c o u r s e   o f   t h e   r o t o r - b e a r i n g - a l t e r n a t o r  test  program t o  d e t e r m i n e   t h e  

r o t o r - b e a r i n g   r e s p o n s e  t o  e l e c t r o m a g n e t i c   f o r c e s , t h e   d a t a   d e s c r i b i n g   t h e   p o s i t i o n  

o f   t h e   j o u r n a l s  i n  t h e   p l a n e  of t h e   b e a r i n g   p i v o t s  was t a b u l a t e d  €or e a c h   o f   t h e  

216 t e s t  p o i n t s   i n v o l v e d .   T h i s   d a t a  was o b t a i n e d   f r o m   t h e   t w o   c a p a c i t a n c e   p r o b e s  

mounted i n  e a c h   o f   t h e   b e a r i n g   s u p p o r t s  (see F i g u r e s I I - 2 3   a n d   1 1 - 2 4 } .   R e a d o u t  

of t h e   d i s t a n c e   b e t w e e n   t h e s e   p r o b e s   a n d   t h e   j o u r n a l s  was o b t a i n e d   f r o m   t h e  

d i s t a n c e  meters i n c o r p o r a t e d   i n   t h e   m i c r o d y n e s .  

T o   d e t e r m i n e   t h e   e c c e n t r i c i t y   o f   t h e   r o t o r   p o l e   f a c e s   w i t h i n   t h e   b o r e   o f   t h e  

a l t e r n a t o r   s t a t o r , t h e   e x p e r i m e n t a l l y   o b t a i n e d   d a t a  was a d j u s t e d   t o   c l l o w   f o r  

i n s t r u m e n t a t i o n   c a l i b r a t i o n   f a c t o r s ,   c e n t r i f u g a l   g r o w t h   o f   t h e   j o u r n a l s   a n d  

d i f f e r e n t i a l   t h e r m a l   e x p a n s i o n   b e t w e e n   j o u r n a k b e a r i n g   s u p p o r t s   a n d   c a p a c i t a n c e  

p r o b e s .   T h e   e c c e n t r i c i t y   i n   t h e   p o l e   f a c e   p l a n e s  was t h e n   d e t e r m i n e d   b y   g e o -  

metr ical  r e l a t i o n s h i p s .  

A compute r   p rog ram was w r i t t e n   t o   r e d u c e   t h e   c o n s i d e r a b l e   q u a n t i t y   o f   d a t a  

a c c u m u l a t e d   d u r i n g  t e s t .  T h e   o u t p u t   f r o m   t h e s e   c a l c u l a t i o n s  i s  s h o w n , f o r   e a c h  

o f   t h e   d a t a   p o i n t s   t a k e n , i n  Tab1,e K1.  Column 1 e n t i t l e d  "RUN" i s  t h e  t e s t  

p o i n t   n u m b e r ,   t h e   c o n d i t i o n s   f o r   w h i c h  a r e  c o n t a i n e d   i n   T a b l e s  V I I - 2  t h r o u g h  

VII-5. T h e   s e c o n d   c o l u m n ,   e n t i t l e d  PLNE, d e s c r i b e s   t h e   a x i a l   p l a n e   a l o n g   t h e  

l e n g t h   o f   t h e   r o t o r   t o   w h i c h   t h e   l i n e   o f   d a t a   a p p l i e s .   T h e s e   p f a n e s  a r e  l o c a t e d  

as  f o l l o w s  : 

P l a n e  1: I n   t h e   m i d d l e   o f   t h e   l a r g e   d i a m e t e r   l a b y r i n t h   p o s i t i o n e d  

u p s t r e a m   o f   t h e   t u r b i n e   b u c k e t s .  

P l a n e  2: I n  t h e   p l a n e . o f   t h e   t u r b i n e   e n d   j o u r n a l   b e a r i n g   p i v o t   c e n t e r -  

l i n e .  

P l a n e  3 :  H a l f  way a l o n g   t h e   a x i a l   l e n g t h   o f   t h e   p o l e   f a c e   a d j a c e n t   t o  

t h e   t u r b i n e   e n d   j o u r n a l   . b e a r i n g .  
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P l a n e  4: H a l f  way a l o n g   t h e  ax ia l  l e n g t h  of t h e   p o l e   f a c e   a d j a c e n t  

t o   t h e   t h r u s t - e n d   j o u r n a l   b e a r i n g .  

P l a n e  5: I n  t h e   p l a n e   o f   t h e   t h r u s t - e n d   j o u r n a l   b e a r i n g   p i v o t   c e n t e r -  

l i n e .  

Columns t h r e e   a n d   f o u r , e n t i t l e d  H and V, g i v e   t h e   c a l c u l a t e d   d i s t a n c e s   i n  mils 

be tween   t he  t i p  o f   t h e   h o r i z o n t a l   a n d   v e r t i c a l   p r o b e s   a n d   t h e   j o u r n a l s   f o r   c o n -  

c e n t r i c   o p e r a t i o n  a t  the   speed   and   t empera tu res   obse rved  a t  t h e  t e s t  p o i n t   u n d e r  

c o n s i d e r a t i o n .  

Columns f i v e   a n d   s i x , e n t i t l e d  DH and DV, g i v e   t h e   d i f f e r e n c e s   b e t w e e n   t h e   c a l -  

c u l a t e d   v a l u e s   o f  H and V and   t he   measu red   va lues ,   ob ta ined   du r ing  t e s t ,  c o r r e c t e d  

f o r   c a l i b r a t i o n   e f f e c t s .  .- 

C o l u m n s   s e v e n   a n d   e i g h t ,   e n t i t l e d  E a n d   D E , g i v e   t h e   e c c e n t r i c i t y   i n  mils o f   t h e  

r o t o r   t o   t h e   s t a t o r   i n   e a c h   o f   t h e  5 a x i a l   p l a n e s   a n d   t h e   c h a n g e   i n   e c c e n t r i c i t y  

from a r e f e r e n c e   p o i n t   ( S e e   F i g u r e   K - 1 ) .   T h e   s e l e c t e d   r e f e r e n c e   p o i n t  is t h e  

z e r o   e x c i t a t i o n  t e s t  p o i n t   a p p r o p r i a t e  t o  t h e   p a r t i c u l a r   c o n f i g u r a t i o n ,   a m b i e n t  

p r e s s u r e   a n d   b e a r i n g   d i a m e t r a l   c l e a r a n c e   u n d e r  t e s t .  The   eva lua ted   da t a   con -  

c e r n i n g   t h e   z e r o   e x c i t a t i o n   p o i n t   a p p e a r s  as  t h e   s e c o n d   t o   t h e   s i x t h l i n e  

i n c l u s i v e  on e a c h   o f   t h e   p a g e s   o f   d a t a   p r e s e n t e d   i n   T a b l e  K - 1 .  

Column n i n e , e n t i t l e d   E R E L , g i v e s   t h e   d i s t a n c e   i n  mils between t h e  j o u r n a l   c e n t e r  

a t   t h e   z e r o   e x c i t a t i o n  t e s t  p o i n t   a n d   t h e   j o u r n a l   c e n t e r   a t   t h e  t e s t  p o i n t   u n d e r  

c o n s i d e r a t i o n .  Column t e n y e n t i t l e d  A , g i v e s   t h e   a n g u l a r   p o s i t i o n   o f  t h e  r o t o r  

c e n t e r   a t   e a c h   o f   t h e   a x i a l   p l a n e s   r e l a t i v e   t o   t h e   g e o m e t r i c   c e n t e r  o f  t h e  

a l t e r n a t o r   s t a t o r .  

Column e l e v e n , e n t i t l e d   M y g i v e s   t h e   c h a n g e   i n   a n g u l a r   p o s i t i o n   o f   t h e   j o u r n a l  

c e n t e r   b e t w e e n   t h e   a e r o   e x c i t a t i o n   t e s c   p o i n t   a n d   t h e  t e s t  p o i n t   u n d e r   c o n s i d e r a -  

t i o n ,   r e l a t i v e   t o   t h e   g e o m e t r i c   c e n t e r   o f   t h e   a l t e r n a t o r   c e n t e r .  

Column t w e l v e , e n t i t l e d   b R E L , g i v e s  t h e  change i n   a n g u l a r   p o s i t i o n   o f  t h e  j o u r n a l  

c e n t e r   b e t w e e n   t h e   z e r o   e x c i t a t i o n   t e s t   p o i n t   a n d   t h e  t e s t  p o i n t   u n d e r   c o n s i d e r a -  

t i o n   P e l a t i v e   t o   t h e   a n g u l a r   p o s i t i o n   o f  t h e  j o u r n a l   c e n t e r   a t   t h e   z e r o   e x c i t a t i o n  

t e s t  p o i n t .  
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Column t h i r t e e n   g i v e s   t h e   a n g l e  of i n c l i n a t i o n  of t h e   r o t o r  axis  t o   t h e   g e o m e t r i c  

axis of t h e   t u r b o a l t e r n a t o r .   C o n s e q u e n t l y ,   t h i s   a n g l e  of  i n c l i n a t i o n  i s  a l s o  

t h e  amount of m i s a l i g n m e n t   b e t w e e n   t h e   t h r u s t   r u n n e r   a n d   t h r u s t   s t a t o r  when t h e  

s t a t o r   h a s   b e e n  set  up on  assembly t o  b e   p e r p e n d i c u l a r   t o   t h e   t u r b o a l t e r n a t o r  

axis a n d   n o t   t h e   r o t o r  axis. 

F i g u r e  K-1 g i v e s   t h e   t e r m i n o l o g y   a n d   s i g n   c o n v e n t i o n   u s e d   t o   d e s c r i b e   t h e  

p o s i t i o n   a n d   c h a n g e   i n   p o s i t i o n  of t h e   r o t o r   d u r i n g  tes t .  
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Plane 1 Plane 2 Plane 3 Plane 4 Plane 5 

hrust  Runner 

Turbine 
Wheel Axis of Rotor 

Turboalternator 
Angle of 
Inclination 
(Ro  tn) Journal  Bearings 

(A) 

Rotor  Center Ox In  Plane  Angle A In  Plane  Numbered 
Numbered  at  Zero  Between  Rotor  Center  and 
Excitation  Test  Point  Turboalternator  Geometric 
Only 

- 
Turboalternator 
Geometric  Center 

Plane  Numbered  at 
Zero  Excitation 
Test  Point 

Rotor  Center  On In DE 
Plane  Numbered  at  Any  (Mils) 
Test  Point  Other  Than 
Zero  Excitation 

- 

Numbered  at  Zero  Excitation 
Test  Point  Only 

(C) 

(Mils) 

Fig. K-1 Terminology  and  Sign  Convention  Used  in  the  Tabulation 
of Data  Describing  the  Rotor  Eccentricity  During  Test 
of the  Rotor-Bearing-Alternator  Simulator 
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Table K-1 

Tabulation of Data Describing the Rotor Eccentricity 

During Test of the Rotor-Bearing- 

Alternator Simulator 

T U R B O   A L T E R N A T O R   R O T O R   P O S I T I O N   T E S T   D A T A   R E D U C T I O N  

R E D U C T I O N  O F  T E S T   D A T A -   C O N F I G U R A T I O N  A 

C A L C U L A T E D   D A T A  

R U N   P L N E  H V DH U V  E DE E R E L  A 
9 3  

1 5  2 
1 5  I 

1 5  3 
1 5  4 
1 5  5 
1 3  1 
1 3  2 
1 3  3 
1 3  4 
1 3  5 
1 4  1 
1 4  2 
1 4  3 
1 4  4 
1 4  5 
1 6  1 
1 6  2 
1 6  3 
1 6  4 
1 6  5 
1 7  1 
1 7  2 
1 7  3 
1 7  4 
1 7  5 
1 8  1 
18 2 
1 8  3 
1 8  4 
18  5 
3 5  1 
3 5  2 
3 5  3 
35  4 
3 5  5 
2 7  1 
2 7  2 
2 7  3 
2 7  4 
2 7  5 
31  1 
31 2 
3 1  3 
3 1  4 
3 1  5 

6 t 8 8  

7.23 

6.07 

7.19 

6.12 

7.22 

6.09 

7.23 

6.05 

7.30 

6.06 

7.35 

6 .03  

7.33 

6.01 

7.34 

6 0 1 6  

7.25 

6 - 0 6  

7 .14  

7.49 

4.57 

7.45 

4.62 

7.48 

4.50 

7.49 

4.55 

7.56 

4.55 

7.61 

4 .53  

7.59 

4 .51  

7.60 

4.66 

7.51 

4.56 

6.01 4.51 

3.34 0.09 
0.37 0.Q1 

0 . 3 0   3 - 1 6  
9.28  0.22 
0.25  0.29 
3.36 -0.01 
0.32  0.07 
(7.27 0 0 1 3  
0.24  0018 
c.20  0.25 
0.31 -0006  
3.29  0.04 
G.27 0 .13  
0.25  c .19 
0.23  0.27 
0.25 -c.12 
0.22  -0.04 
9.18 0.04 
3.16 0.10 
0.13  0.16 
0.13  "0.07 
0.15  0.02 
0 .16  0.09 
0.16  0 .15 
5.17  3.22 
0.C5 -0.13 
3 - 0 9  -0 .04  
0.13 0 .03  
0.16  0.12 
0.20 0.20 
0.09 -0 .20  
0.11 -0.08 
0.13  2.03 
0.eI.5 0.11 
0.17 0 . 2 1  
C.17 - C o l O  
0.17 - 0 - 3 2  
0.17 0.05 
C.16 0 0 1 0  
0.16 Om16 
0 .23  -.0.14 
0.20 -0 .05 
0.17  0.03 
6.15 0.09 
0.12 0.17 

0.37 
0.35 0.00 
0.34 
0.35 
0.38 0.00 
0.36 
0.32  -0.02 
0.31 
0.30 
0 - 3 2   - 0 . 0 6  
3.32 
0.2-9  -0.06 
0.30 
0.32 
0.36  -0.02 
0 .28  
0.22  -0.13 
0.19 
0.19 
0.22  -0.16 
0.15 
0.15 -0.23 
0.18 
0.22 
Oa.28 -0.10 
0.14 
0.10  -0.25 
0 0  1 4  
0 . 2 0  
0.28 -0.10 
0.22 
0.14 -L).21 
0.14 
0.19 
0.27  -0.11' 
0 .20 
0.17  -0.18 
0.17 
3.19 
0 .23   -0015  
0 0 2 7  
0.21 -.0.14 
0.17 
0.18 
0.21 -0.17 

0.00 

0.00 

0.03 

0 - 0 6  

0.07 

0.02 

C.17 

0.16 

0.21 

0.10 

C.27 

0.10 

0.28 

0.11 

0.20 

0.15 

0.19 

0.17 

179. 
165. 
152. 
142 .  
131 .  
181. 
168.  
154. 
143 .  
130. 
199. 
172.  
1 5 5 -  
143.  
130. 
206. 
190 .  
167 .  
148. 
127 .  
207. 
174 .  
149 .  
138 .  
129 .  
250s  
232. 
158. 
144 .  
135 .  
245. 
215. 
166. 
143. 
1 2 8 .  
210. 
188. 
164 .  
150. 
135 .  
211. 
194. 
170. 
149 .  
126 .  

DA 

0 .  

0. 

3. 

-1. 

7. 

-0. 

24. 

-4. 

9 .  

-2 .  

36 

4. 

4 9  0 

-2. 

2 2 .  

5. 

29. 

-5 

A R E L   R O T N  

0.001 
180.   0 .001  

0.001. 
0.001 

180. 0.001 
0.001 

314. 0.001 
0 .001  
0.001 

3 1 5 .   9 0 0 0 1  
0 .001  

314 .  0.001 
0.001 
0 .001  

315. 0.001 
0 .001  

215. 0.001 
0.0q1 
0.001 

316. 0 . 0 3 1  
0 . O C ) l  

3 3 9 .  0 . 0 0 1  
9.091 
0.01)l 

316. 9.031 
0.0c1 

333.  0.091 
0 .001  
0.001 

29a .  0.001 
0 .091  

324.  0.091 
9.001 
0 .001  

316.   9 .001 
0.001 

327.  0.001 
0.001 
0.001 

3 0 3 -  0.001 
0.001 

315. 00001 
0.001 
0.001 

316. 0.001 
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T U R B O   A L T E R N A T O R   R O T O R   P O S I T I O N   T E S T   D A T A   R E D U C T I O N  

R E D U C T I O N   O F   T E S T   D A T A .   C O N F I G U R A T I O N  A 

C A L C U L A T E D   D A T A  

R U N  P L N E .  H V D H   D V  E D E   E R E L  A 
0 0  

2 3  1 
2 3  2 
2 3  3 
2 3  4 
2 3  5 
36 1 
36 2 
36 3 
36 4 
36 5 
19 1 
1 9  2 
1 9  3 
19 4 
19 5 
20  1 
2 0  2 
2 u  3 
2 3  4 
2 J  5 
21  1 
2 1  2 
2 1  3 
2 1  4 
21  5 
2 2  1 

22 2 
22  3 
2 2  4 
2 2  5 
2 4  1 
2 4  2 
2 4  3 
2 4  4 
2 4  5 
2 8  1 
2 8  2 
2 8  3 
2 8  4 
28 5 
3 2  1 
32 2 
3 2  3 
3 2  4 
3 2  5 

3 

6.88 

7.34 

6.1ti 

7 .31 

6.00 

7.27 

6.02 

7.30 

6.05 

7 .32  

6 - 0 6  

7.33 

6.08 

7.38 

6.17 

7 .39  

6.18 

7.30 

6.04 

7 .   1 4  

7.60 

4.60 

7.57 

4.5u 

7.53 

4.52 

7.56 

4 .55  

7.58 

4 0  56 

7.59 

4..58 

7 .64  

4.67 

7.65 

4.68 

7.56 

4.54 

6.01 4.51 
0.33 -0.21 
0.28 -0.09 
0.24 0 - 0 3  
0.21 0.11 
0.17 0.22 

-0.05 -0.22 
0.02 -0.11 
0.08 -0.02 
0.13 0.05 
0.18 0.14 
0.10 -0.26 
0.11 -0.14 
3.13 -0.02 
3.15 0.06 
0.16 0.16 
0.21 -0.23 
ti.20 -0.11 
0.20 0 . C O  
0.19 0.08 
0.18 C.18 
0 . 0 4  -0.31 
0.07 -0.19 
9 - 0 9  -0.07 
0.10 0.01 
0 .12  0.12 
Co36 -0.27 

0.30  -0.13 
'3.24 -0 .01  
0.20 0.08 
0.15  0.23 
9.44  -0.34 
0.37 -0 .18 
0.30   -0004 
0.26  0.06 
0.20 0 .19  
Oe27  -0.34 
0.23  "0.20 
0020  -0 .07  
0.17  0.02 
0.14  0.14 
0.15 -0.21 
0.15  -0.11 
0.14 -0.01 
0.14  0.06 
0 . 1 4   0 0 1 5  

0 0 3 9  
0.30 0.00 
0 - 2 4  
0.24 
0.28 0.00 
0.22 
0.11 -0.18 
0.08 
0.14 
9 - 2 3  -0.95 
0.28 
0.18 - 0 0 1 2  
0.13 
0.16 
0 0 2 3  -0.05 
0 - 3 1  
0.23  -0.07 
0.20 
0.21 
0.26  -0.02 
0 0 3 2  
0.20 -0.10 
0.11 
0.10 
0.17 -0.11 
0.45 

0.33  0.03 
0 0 2 4  
0.22 
0.25 -0 .03 
0.55 
0.41 O o l f  

0.31 
0.27 
0.28 -0.00 
0.43 
0.31 0.01 
0.21 
0.  17 
0.20 -0.08 
0.26 
0.18 -0.12 
0.15 
0.16 
0.21 -0.07 

0.00 

0.90 

0.27 

0.08 

0.18 

0.06 

0.08 

0.04 

9.24 

0.11 

0.05 

0.03 

0.13 

0.03 

0 . 1.2 

0.09 

0.  1 4  

0.08 

2 1 3 .  
197. 
1 7 3 .  
1 5 2 .  
1 2 9 0  
2 8 2 .  
2 6 1 .  
1 9 2 .  
1 5 8 .  
1 4 3 .  
2 5 0 .  
2 3 0 .  
190 .  
158 .  
1 3 5 .  
2 2 7 .  
2 0 8 .  
180. 
1 5 7 .  
1 3 5 .  
2 6 2 .  
2 5 1 .  
2 1 9 .  
1 7 2 .  
1 3 5 .  
2 1 6 .  

2 0 4  
1 8 2 .  
1 5 8 .  
1 2 8 .  
2 1 8 .  
2 0 7 .  
188. 
1 6 6 .  
1 3 5 0  
231 
221. 
200. 
1 7 3 .  
1 3 5 .  
2 3 5 .  
2 1 6 .  
1 8 5 .  
1 5 8 .  
1 3 5 .  

DA 

0 .  

0 .  

6 3  

1 4 .  

3 3 .  

60  

1 1 0  

6 -  

5 3 .  

6 .  

6 .  

-1 

9 .  

7 .  

2 3 -  

7 .  

1 9 .  

6. 

A R E L   R O T N  

0.001 
1 8 0 .  0.001 

0.001 
0.001 

180. 0.001 
0.001 

3 5 5 .  0.001 
0.001 
0.001 

2 6 4 .  00001 
0.001 

3 4 3 .  0.001 
0.001 
0.001 

2 8 3 .  00001 
0.001 

346 .   0 .001  
0.001 
0.001 

2 5 9 .   0 0 0 0 1  
0.001 

3 3 5 .  0.001 
0.001 
0.001 

299.   0 .001  
0.001 

248.  0.001 
c.001 
0.001 

3 1 7 .  00001 
0.002 

2 2 8 .  0.002 
, 0.002 

0.002 
2 2 5 .  0.002 

0.001 
294. 0.001 

0.001 
0.001 

293. 0.001 
0.001 

3 5 2 .  0.001 
0.001 
0.001 

2 9 2 .  0.001 
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TIJRBO ALTERNATOR  ROTOR P O S I T I O N   T E S T   D A T A   R E D U C T I O N  

R E D U C T I O N   O F ' T E S T   D A T A .   C O N F I G U R A T I O N  B 

CALCULATED  DATA 

R U N  PLNE H V DH DV E DE EREL A 
o c  
3 1  
3 2  
3 3  
3 4  
3 5  
1 1  
1 2  
1 3  
1 4  
1 5  
2 1  
2 2  
2 3  
2 4  
2 ' .  
4 1  
4 2  
4 2  
4 4  
4 5  
5 1  

5 3  
5 2  

5 4  
5 5  
6 1  
6 2  
6 3  
6 4 
6 5  

3 3  1 
3 3  2 
37 3 
3 3  4 
3 3  5 
2 5  1 
2 5  2 
2 5  3 
2 5  4 
2 5  5 
2 9  1 
2?  2 

2 9  4 
2 9  3 

2 9  5 

6 - 8 8 ,  

6 .73  

5.68 

6 .69  

5.67 

6 .69  

5.66 

6 .75  

5.67 

6 . 7 2  

5 - 6 6  

6 .73  

5.65 

6 .64  

5.61 

6 - 5 3  

5.77 

b o 9 8  

5.78 

7 .14  

6.96 

4.18 

6 .95  

4 .17  

6.95 

4 .16  

6 .96  

4 .17  

6 . 9 8  

4.16 

6.9'3 

4 .15  

5.3c 

4 - 1 1  

7 .34  

4.27 

7 . 2 4  

4.28 

6.01  4 .51 
0.21  0 .05 
0.21 3.15 
0 .021   0 .25  
0.20 3.32 
0.20 C.40 
0.21 -0.01 
0 .21  0.10 
0.21 0.2c 
5.21 0 .27  
3.21 c.37 
0 .21  -0.01 
G.21  9 - 1 0  
0.22 0 . 2 0  
C m Z Z  C.28 
c . 2 2   0 . 3 7  
0.C8 -0.08 
5 .09   0 .33  
3.10  3 .14 
0.11 3.22 
2.12 5.32 
u.19 - 0 . 0 3  
5.15 0 .07  
C.l.8  0.17 
3.18  0 .24 
C.18 c.34 
9.c3 -9.35 
3 .12  P.07 
0 . 1 5   c . 1 7  
3 - 1 7  G.25 
0 . 1 9  c .35  
3.37 -0.11) 
3.c9 3 1 3 3  
I.:. 11 3 .  I 5  
3 .12  0 . 2 3  
0 .14   0 .34  
G.34 O d 4  
c.31 0.20 
0 . 2 9  0 .26  
0 .27  0.3') 
"25  C.36 
3.15 - G e l 2  
3.16 -3.01 
6.18 0.09 
0.18 0.17 
6.20 0.26 

c .22  
0.26 0.00 
0.32 
0.38 
0.45 0.00 
0.22 
0.24  -9.02 
0 .29  
9.15 
c .43  -0.03 
0 .21  
0 .24   -Coo2  
0.30 
0 . 3 5  
0 .43   -0 .02  
0.1 1 
3.13 -0.16 
3.17 
3.25 
G.34 -0.11 

.0 .13  
0:2U  -9.C6 
Q: 2% 
C e 3 0  
C.38  -0.37 
3 .11  
c .14   -9 .12  
2.23 
0 . 3 0  
0 . 4 0  -3.d6 
0.12 
0.09  -3.17 
0.18 
C.26 
0.37 -0.08 
0.36'  
0 .37  3.11 
0.39 
0.41 
0.44  -0 .02 
0.19 
0.16 -0.10 
6.20 
0 .25  
0.33  -0 .12 

0.90 

0.00 

0.06 

0.04 

C. 3 6  

0 . 0 3  

0 . 1 7  

0.12 

2 . C 8  

0.97 

0.12 

0.C6 

9.17 

0 . 0 9  

3.11 

0.07 

0 .17  

0 . 1 4  

166. 
l+4. 

1 2 3 .  
117. 
1 8 3 .  
1 5 5 -  
1370 
1 2 8 .  
1 2 0 .  
1 ad* 
1 5 5 .  
1 3 7 .  
1 2 8 9  
1 2 0 .  
2 24.- 
1 5 9 .  
1 2 5 .  
1 1 6 .  
113. 
l,??. 
1 5 9 .  
1 3 7 .  
1 2 7 .  
1 1 8 .  
2 3 7  
1 5 1 .  
1 3 0 .  
1 2 4 .  
1 1 9 .  
2 3 6 .  
1 6 1 .  
1 2 6 .  
117. 
1 1 2 .  
1 5 8 .  
1 4 7 .  
1?8. 
1 3 2 .  
1 2 5 .  
218.  
183. 
1 5 2 .  
138. 
1 2 7 .  

'1.30. 

DA 

0 .  

0.  

12. 

3 .  

1 2 .  

4 .  

1 6 .  

- 7 .  

1 5 .  

1. 

8 .  

2 .  

18. 

- 5 .  

4 .  

8 .  

3 9 .  

1 0 .  

AREL R O T N  

0.001 
180. 0.001 

0.001 

180. 0.001 
0.001 

2 6 4 .  0.001 
0 . 0 0 1  
0.001 

2 5 4 .  00001 
0.001 

2 6 4 .  0.001 
0.001 
0.001 

2 4 1 .  0.001 
0.001 

3 1 4 .  0.001 
0.001 
0.001 

3 1 6 .  0.031 
0.001 

0.001 
0 . 0 0 1  

2 6 9 .  0.001 
3 . 0 0 1  

315. 3 - 0 0 ;  
0.001 
0.601 

0.001 
3 1 4 .  0.001 

0 .001  
0.001 

3 1 7 .  0 - 0 0 1  
0.001 

1 5 5 -  00001 
0.001 
0.001 

2 2 4 .  OeOO1 
0.001 

2 8 5 .  0*001 
0.001 
0.001 

2 7 3 .  0.001 

0.001 

2 8 4 .  0.001 

2 8 3 .  0.001 

315 

I 



T U R B O   A L T E R N A T O R   R O T O R   P O S I T I O N   T E S T   D A T A   R E D U C T I O N  

R E D U C T I D N  OF T E S T   D A T A .   C O N F I G U R A T I O N  B 

C A L C U L A T E D   D A T A  

R!JN P L N E  H V DH  DV E D E   E R E L  A 
0 2' 
11 1 
1 1  2 
1 1  3 
1 1  4 
1 1  5 
34 1 
34 2 
3 4  3 
34 4 
34 5 

7 1  
7 2  
7 3  
7 '4 

7 5  
8 1  
8 2  
8 3 
6 4  
8 5  
9 1  
9 2  
9 3  
9 4  
9 5  

1s 1 
1c 2 
1 3 3 
10 4 
1 c  5 
1 2  1 
12 2 
12 3 
12 4 
1 2  5 
26 1 
2 0  2 
26 3 
26 4 
26 5 
31, 1 
30 2 
3c 3 
30 4 
30 5 

6.88 

6.9G 

5674 

6.65 

5.56 

6.70 

5-56 

6.82 

5.64 

6-87 

5.67 

6.88 

5.69 

6.92 

5.79 

6.94 

5.76 

6.99 

5.82 

7.14 

7.16 

4.24 

6.91 

4 0.a 6 

6.96 

4.26 

7.68 

4.14 

7.13 

4.17 

7.14 

4.19 

7.18 

4.23 

7.20 

4.26 

7.25 

4.30 

6001  4051 
0.28 -0.11 
0.25 0002 
0.23  0.14 
0.21  0.23 
0.19 0.34 
0.94 -0.19 
0 .08  -0.04 
0.12 0.11 
C.15 0.21 
0.19 0.35 
0.13 -0.18 
0.15 -0.03 
3-16 0.11 
0.17  0.22 
0.19  0.35 
0.12 -0.19 
0.14 -G .03  
Gel6 0.12 
0.18  0.22 
(3.20  0.36 
0.17 -3.22 
0.16 -0 .08 
0.14 CeC6 
0.14  0.16 
0.12 0.28 
0.14  -0.'19 
0.14 -0.03 
0.14 0.11 
0.15  0.22 
0.15  0.35 
0.26  -0.21 
0.23  -0.06 
ij.19  0.07 
0.17 0.17 
0.14  C.30 
0.28  -0.09 
0.26 0.03 
0.24 0.14 
0.23 0.22 
0.22  0.33 
0.23 -0.21 
0.21 -0 .08 
(2.20  0.04 
0.19 0.13 
9-18 0.24 

u.30 
0.25 0.00 0.00 
0.27 
0.31 
0.39 0.00 9.00 
0.20 
0.39  -0.16 0.18 
0.16 
0.26 
0.39 0.00  0.00 
0 . 2 3  
0.15 -0.10 0.11 
0.20 
0.28 
0.39 0.00 0.01 
0.22 
0.15 -0.10 0.12 
0.20 
0.28 
0.41 0002 0.02 
0.28 
0.18  -0.07  0.13 
0.16 
0.21 
0.31 -0 .08 0.09 
0.23 
0.15 -0010 0.12 
0.18 
0.26 
0.38 -0.01 0 0 0 4  
0.34 
0.24 -0.01 0.09 
0.21 
0.24 
-0.33 -0m.06 0.07 
0.29 
0.26 0.01 0002 
0.28 
0.32 
0.39 0.00 0.03 
0.31 
0.23  -0.02 0-10 
0.20 
0.23 
0.30 -0.09 0.10 

202. 
176. 
148. 
132. 
119. 
259. 
205. 
138. 
125. 
118. 
234. 
191. 
145 
129. 
118. 
2 3 7 .  
192. 
145. 
129. 
119. 
232. 
206 
158. 
131. 
114. 
233. 
192. 
142. 
124. 
113. 
219. 
196. 
160 
135. 
115 .  
198. 
173. 
150. 
136. 
124. 
222. 
200. 
168. 
1 4 5 .  
126. 

DA 

0 .  

0 .  

29. 

-0 

15- 

-0 . 
16. 

0 .  

30- 

-5 0 

17. 

-6 

2 0 .  

-3 0 

-3. 

5. 

24. 

7. 

AREL  ROTN 

0.001 
180. 0.001 

0.001 
0.001 

180. 0.001 
0.001 

342. 0.001 
0.001 
0.001 

9 4 .  0.001 
0.001 

335. 0.001 
0.001 
0.001 

99.  0.001 
0.001 

3 3 5 .  0.001 
0.001 
0.001 

130. 00001 
0.001 

314. 0.001 
0.001 
0.001 

3170 0.001 
0.001 

335. 0.001 
0.001 
0.001 

1 5 -  0.001 
0.001 

285. 0.001 
0.001 
0.001 

315. 0.001 
0.001 

132. 0.001 
0.001 
0.001 

205.  0.001 
0.001 

291. 0.001 
0.001 
0.001 

276.  0.001 
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T U R B O   A L T E R N A T O R   R O T O R   P Q S I T I G N   T E S T   D A T A   R E D U C T I O N  

REDUCTION OF T E S T  D A T A .  CONFIGURATION B 

R U N   P L N E  H 
0 0 6.88 

1 5  1 

1 5  3 
1 5  4 

1 3  1 

1 3  3 
1 3  4 

14 1 

14 3 
14 4 

16 1 

1 6  3 
1 6  4 

1 7  1 

1 7  3 
17 4 

18 1 
1 8  2 7.32 
1 8  3 
18 4 
18 5 5 .02  
3 1  1 
3 1  2 7 . 3 3  
31 3 
31 4 
3 1  5 5.96 
27  1 
2 7  2 7 .21  
2 7  3 
2 7  4 
2 7  5 6 .16  
3 5  1 
3 5  2 7 . 3 2  
3 5  3 
3 5  4 
3 5  5 6 . 0 6  

1 5  2 7 .33  

1 5  5 6 - 1 3  

1 3  2 7 . 2 8  

1 3  5 6.10 

14 2 7 .32  

14 5 6.10 

1 6  2 7 .32  

1 6  5 6 . 0 7  

1 7  2 7 .32  

17 5 6 - 5 4  

V 
7 . 1 4  

7 . 5 9  

4 . 6 0  

7 . 5 4  

4 . 6 0  

'1.58 

4 . 6 3  

7 . 5 8  

4 .57  

7 . 5 8  

4 . 5 4  

7 .58  

4 .52  

7 . 5 9  

4 . 4 8  

7 .47  

4 .65  

7 . 5 8  

4 .55  

C A L C U L A T E D   D A T A  

DH 
6.01 
0.49 
0.41 
c 0'34 
0.29 
c .22  
0.55 
0.45 
0 .37  
0 .30  
0.22 
0 .50  
0 .42  
0.34 
0 . 2 9  
C.22 
0.27 
0 . 2 4  
3 . 2 c  
0.18 
3.15 
0 . 2 5  
0 . 2 3  
0 .22  
0 .20  
3 .19  
G.25 
d.23 
0.22 
U.22 
2 .21  
G o 1 4  
C.16 
3.18 
0 . 1 9  
0 .20  
0 . 3 4  
0 . 2 4  
0 . 2 4  
0 . 2 1  
3 - 1 6  
9 . 1 6  
0.18 
0 . 1 9  
0.20 
O r 2 2  

DV 
4.51 
0 .16  
0.18 
0 . 1 9  
0.20 
0.21 
0 .12  
0.16 
0 . 1 9  
0.22 
0.25 
0.07 
0.12 
0.17 
0 .21  
9 - 2 3  
0.90 
0 1'6 
0.11 
iJ.14 
c . 1 9  

- 0 . 0 1  
0.06 
0 . 1 2  
0 . 1 6  
0.22 
0 .17  
0.18 
0 . 1 9  
0 . 1 9  
0 .20  
C . 0 5  
c . 1 1  
(2.16 
0 .19  
0 . 2 4  i). 16 
0.17 
0 .18  
0 . 1 9  
0 .20  
0 .39  
0 .12  
0 .15  
0.18 
t i .21 

E DE 

0 . 5 1  
0.45 0.00 
0.39 
0.35 
0.31 0000 
0.56 
0 .48   0 .03  
0.41 
0 .37  
0.33 0.c3 
Om 5 0  
0 0 4 3  -0.01 
0.36 
0 .35  
0 . 3 3  0 . 0 3  
3.27 
0 .24   -0 .2C 
3.23 
0 . 2 3  
0 . 2 4  -0.06 
3 .23  
0 . 2 4   - 0 . 2 1  
0 .25  
0 .26  
C.29 -9.C2 
0 . 3 0  
0 .30   -0 .15  
c . 2 9  
0 . 2 9  
0 . 2 9   - 0 . 9 2  
0 .15  
3 .19   -0 .25  
3 .24  
0 .27  
0 .31  0.01 
0.3b 
0 . 3 4  -0.11 
0.30 
0 .28  
0 .26   -0 .05  
0.19 
0 .22   -0 .23  
0 .25  
0.27 
0 .30  -0.00 

E R E L  

0.00 

0 .00  

0 .05  

q . c 4  

0 . 3 6  

0 . 0 4  

0 .21  

3 .07  

0 . 2 1  

0.C4 

0.18 

0 . 0 2  

3.26 

0 . 0 4  

0.12 

0 .06  

0 . 2 4  

0 - 0 0  

A 

1 6 2 .  
1 5 7 .  
1 5 1 .  
1 4 6 .  
1 3 7 .  
1 6 8 .  
1 6 1 .  
1 5 2 .  
144. 
1 3 1 .  
1 7 2 .  
1 6 4 .  
1 5 4 .  
1 4 5 .  
1 3 1 .  
1 7 9 .  
1 6 6 .  
1 5 2 .  
1 4 2 .  
1 2 9 .  
18.2. 
1 6 7 .  
1 5 1 .  
141. 
131! 
1 4 5 .  
1 4 3 .  
14G. 
139. 
1 3 6 .  
1 6 0 .  
1 4 7 .  
1 3 0 .  
1 3 4 .  
1 3 0 .  
155. 
1 4 9 .  
1 4 3 0  
138. 
1 3 0 .  
1 5 1 .  
1 4 6 .  
141. 
139. 
1 3 7 .  

D A  

0 .  

0. 

4. 

- 6  0 

7 .  

-6 

0. 

-7. 

10. 

-7  

- I  4 .  

-0. 
- IC .  

-6  0 

-8 0 

-7  

-11.  

-0 . 

A R E L   ' R O T N  

0m001 
180. 0 . 0 0 1  

0.001 
0.001 

180. 0 . 0 0 1  
0 . 0 0 1  

2 0 3 .  0 0 0 0 1  
o*c)01 
0.001 

8 5 .  0.001 
0.001 

2 6 4 .   0 0 0 0 1  
0 . 0 0 1  
0 . 0 0 1  

8 8 .  0 . 0 0 1  
0.901 

3 2 6 .   0 . 0 0 1  
0.301 
0 . 0 3 1  

3 4 3 .   0 . 0 0 1  
0 . 0 0 1  

126. 0 0 0 0 1  
0 . 3 0 1  
0.001 

1 8 .  0.001 
0 .300  

1.  3 . 0 0 0  
0.900 
0 . 0 0 0  

3 2 1 .  0 0 0 0 0  
0 .001  

3 4 4 .  0.001 
0.001 
0 . 0 0 1  

5 7 .  0.001 
0.000 

3 5 6 .   0 . 0 0 0  
0.000 
0 000 

0.0c)O 

0.000 
0.000 

3 3 0 .  0.000 

3 4 7 8  0.000 

3 4 7 8  0.000 
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T U R B O   A L T E R N A T O R   R O T O R   P O S I T I O N   T E S T   D A T A   R E D U C T I O N  

R E D U C T I O N  OF T E S T   D A T A .   C O N F I G U R A T I O N  6 

C A L C U L A T E D   D A T A  

R U N   P L N E  H V OH DV E D E   E R E L  A 
0 0  

23 1 
23 2 
23 3 
23 4 
23 5 
32 1 
32 2 
32 3 
32 4 
32 5 
19 1 
19 2 
19 3 
19 4 
19 5 
20 1 
21: 2 
20 3 
2 0  4 
2 6  5 
21 1 
21 2 
21 3 
21 4 
21 5 
22 1 
22 2 
22 3 
22 4 
22 5 
24 1 
24 2 
24 3 
24 4 
24 5 
28 1 
28 2 
28 3 
28 4 
28 5 
36 1 
36 2 
36 3 
36 4 
36 5 

6.88 7.14 

7.44  7.70 

6.08  4.58 

7.36  7.62 

5.96 4.46 

7.37  7.63 

5.99 4.49 

7.40 7.66 

6.01  4.51 

7.41  7.67 

6.02 4s52 

7.41  7.67 

6.02  4.52 

7.24  7.50 

6.14 4.64 

7.19 7.45 

6.17  4.67 

7.36  7.62 

6.01 
0.51 
0.42 
0.33 
0.27 
0.20 
0.12 
0.14 
0.16 
0.17 
0.18 
0.29 
0.25 
0.21 
0.18 
0.15 
0.23 
0.21 
0.20 
0.19 
0.18 
0.32 
0.26 
0.21 
0.17 
0.12 
0.46 
0.38 
0.32 
0.27 
0.20 
0.37 
U-32 
0.26 
0.22 
0.18 
0.37 
0.30 
0.25 
0.21 
0.15 
0.12 
0.13 
0.15 
0.16 

4.51 
-0.01 
d.06 
0.13 
0.17 
0.23 
0.05 
0.08 
0.12 
0.14 
0.17 

-0.05 
0.01 
0.06 
0.09 
0.14 

-0.10 
-0.02 
0.05 
0.10 
0.17 

-0.01 
0.03 
0.06 
0.08 
0.11 

-0.13 
-0.04 
0.05 
0.11 
0.19 

-0.24 
-0.11 
0.01 

0.21 
-0.16 
-0.06 
0.03 
0.10 
0.18 
0.13 
0.14 
0.1 5 
0.16 

0.10 

0.51 
0.42 0 0 0 0  
0.36 
0032 
0.30 0.00 
0.13 
0016 -0.26 
0.20 
0.22 
0.25 -0.05 
0.29 
.Om25 -0.18 
0.22 
0.20 
0.20 -0.10 
0.25 
0.22 -0.21 
0.21 
0.21 
0.24  -0.06 
0.32 
0.26  -0.16 
0.22 
d .  19 
0.16 -0.14 
0047 
0039 -0004 
0.32 
0.29 
0.28  -0.02 
0.44 
0.33 -0009 
0.26 
0.24 
0.27  -0.03 
0.4.0 
0.31 -0.11 
Ob25 
0.23 
0.24  -0.07 
0.17 
0.19 -0.23 
0.21 
0.22 

0.00 

0.00 

0.28 

0.06 

0.18 

0.11 

0.22 

0.07 

0.16 

0.14 

0.10 

0.04 

0.20 

0.03 

0.17 

0.07 

0.30 

181. 
172. 
159. 
148. 
131. 
159. 
149. 
143. 
140. 
136. 
189. 
178. 
165. 
153t 
137. 
204. 
187. 
167. 
152. 
137. 
182. 
175. 
165. 
154. 
137. 
196. 
185. 
171. 
157. 
136. 
213. 
199. 
178. 
157. 
130. 
203. 
191. 
172. 
154. 
130. 
132. 
134. 
135. 
136. 

DA 

09 

0. 

-23 e 

6. 

7. 

6- 

15. 

6. 

3. 

60 

14- 

6- 

27. 

-0 

19- 

-1 . 
-38 

A R E L   R O T N  

0.001 
180. 0.001 

0.001 
0.001 

180. 0.001 
0.000 

5. 0.000 
0.000 
0.000 

287.  0.000 
0.001 

343. 0.001 
0.001 
0.001 

299. 0.001 
0.001 

337. 0.001 
0.001 
0.001 

289. 0.001 
0.001 

347. 0.001 
0.001 
0.001 

303. 0.001 
0.001 

290. 0.001 
0.001 
0.001 

259. 0.001 
0.001 

301. 0.001 
0.001 
0.001 

313.  0.001 
0.001 

313. 0.001 
0.001 
0.001 

314- 0.001 
0.000 

15. 0.000 
0.000 
o.ooa 

318 
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T U R B O   A L T ' E R N A T O R   R O T O R   P O S I T I O N   T E S T   D A T A   R E D U C T I O N  

4EDU.CT.ION OF T E S T   D A T A .   C O N F I G U R A T I O N  C 

CALCULATED  DATA 

RLlN P L N E  H V DH DV E DE E R E L  A 
. c  c. 

3 1  
3 2  
3 3  
3 4  
3 5  

1 2  
1 3  
1 4  
1 5  
- 3 1  
2 .2 
2 3  
2 4  
2 5  
4 1  
4 2  
/I 3 
4 4  
4 5  
5 1  
5 2  
5 3  
5 4  
5 5  
6 1  
6 2  
6 3  
6 4  
6 5  

2 5  1 
2 5  2 
2 5  3 
2 5  4 
2 5  5 
-79 1 
2 9  2, 
2 9  3 
2 9  4 
2 9  5 
3 3  1 
33. 2 
3 3  3 
3 3  4 
3 3  5 

1 '1' 

6 .88  

6 .73  

5 -   7 0  

6 .75  

5.7.2 

6 .74  

5.71 

6 . 7 2  

5.68 

6.76 

5 6.5 

6 . 8 3  

5.61 

6 .  71+ 

5 6.9 

6 .69  

5 6 6 5  

6 8.3 

5.66 

7 .14   6 .01  4.51 
0 -1.1 -0  m.3.4 

6.99  0 .20 -0.19 
0.28 -0.0.5 
0 . 3 4  0.05 

4.20   0 .42  0.J.E 
Go07  -0 .34  

7.C1 0.18 -0.21, 
0.28 -0 .C8 
0.35  0 .31 

4 .22   0 .45  0.12 
0.00 - 0 . 3 4  

7.32 0.12   -0 .20  
G.23 - 3 . 0 8  
(1.31 0.21 

4.21 C . 4 1  c . 1 3  
-3.10 -?.31 

6 .98  9.03 - G e l 7  
c.15 -9.35 
0 .24  5 - 2 4  

4.18 0 . 3 5  0 . 1 6  
0 . c 7   - 0 . 4 5  

7 .22   C.16   -0 .28  
0 . 2 4  -0.1-2 
0.19 -[:.01 

4 . 1 5  0 .38  0.14 
'3.06  -2.72 

7 . 9 9  0.15 -0.47 
G.24 - 0 . 2 4  
C . 3 0  -0.37 

4 . 1 1  Z.38 0.1'5 
-3 .06   -0 .40  

7.0':  ;!.07  -G.25 
'3 .19  -0 .12 
0 . 2 7   - 0 . 0 2  

4 .19  6 - 3 8  U.10 
0.01 -0 .42  

6 .95  0.12   -0 .27  
0 .21   -0 .13  
0 . 2 9  - 3 . 0 3  

4 . 1 5   0 . 3 8  0.10 
-0 .17 -0.87 

7.C9 -0.03 - c . 5 9  
0 .11   -0 .33  
0.20 -0 .15 

4.1G 6 . 3 2   0 . 0 9  

0 .35  
0.27 O e O C  
0 .29  
0 .35  
Om.46 0.00 
0 0 3 4  
0.27 0.00 
0.29 
0 .35  
0.46 0.01 
c . 3 4  
0 .24  -0.OL 
0 .24  
0 .31  
0 . 4 3  -0 .53  
0 .33  
0 - l d  -0 .09 
0.16 
0 . 2 4  
0139  -0eC7 
0 . 4 4  
0 . 3 2   c . 0 5  
0 .27  
P.30 
C.4C - 0 t C 6  
c . 7 3  
0 . 5 0   0 0 2 2  
0 .34  
0.31 
0.41 -0.05 
0 - 4 1  
0 .27  -0.00 
0.22 
0 .27  
0 .40   -0 .36  
0.42 
0 .29   0 .02  
3.25 
0.29 
0 . 3 9  -0.07 
C.89 
0 . 5 9   0 0 3 2  
0.35 
0 .25  
0 . 3 4   - 0 0 1 2  

0 ..o 0 

c .-0 0 

0.03 

0 .07  

0.38 

C.06 

0 .17  

0 .07  

0 . 1 C  

0 .06  

9 .29  

0 . 0 5  

9 . 1 5  

0 0 0 9  

0.12 

0 . 0 9  

0 .46  

0.13 

2 5 3 .  
2 2 3 .  
1 8 9 .  
1 7 1 .  
1 5 7 .  
2 5 8 .  
2 2 9 -  
1 9 6 .  
1 7 9 .  
1 6 5 -  
2 6 9 .  
2 3 9 .  
1 9 9 .  
1 7 8 .  
1 6 3 .  
283.  
2 6 1 .  
1 3 7 .  
1 7 0 .  
1 5 5 .  
2 6 1  
2 4 3 .  
2 0 7 .  
1 8 1 .  
1 5 9 .  
2 5 5 .  
2 5 2 .  
2 2 5 .  
193. 
1 5 9 .  
2 7 9 .  
2 5 6 .  
2 1 3 .  
155 .  
1 6 5 .  
2 6 9 .  
2 4 7 .  
2 1 1 .  
1 8 6 .  
1 6 5 .  
2 8 1 .  
2 7 3 .  
2 5 3 .  
2 1 6 .  
1 6 4 .  

DA 

0. 

0 .  

5 .  

8. 

16 e 

6 .  

3 7 .  

-1. 

1 7 0  

3 .  

79. 

2 .  

3 2  0 

8 .  

2 3 -  

9 .  

4 9  

8. 

A R E L   R O T N  

0.002 
180. 0.002 

0.002 
0.002 

180. 0.002 
0.002 

3 1 5 .  0 .002 
0.002 
0.002 

245. .  O e O O 2  
0 .002  

ga t ) .  0 .002  
0 .002  
0 . 0 0 2  

2 8 2 .  0.002 
0.002 4. 0 .002  
0 . 0 0 2  
3 .002  

3 4 3 .   0 . 0 0 2  
0 . 0 0 2  

2 9 1 .   0 . 0 0 2  
0 . 0 0 2  
0 .002  

3 1 7 .   0 . 0 0 2  
0 . 0 0 2  

2 7 9 .   0 . 0 0 2  
0 . 0 0 2  
0 .002  

3 1 6 .   0 . 0 0 2  
0 . 0 0 2  

3 3 1 .   0 . 0 0 2  
0.002 
0 . 0 0 2  

2 9 : .  0.002 
0 .002  

3 1 5 .   0 . 0 0 2  
G.002 
0 . 0 0 2  

2 9 7 0  0 .002  
0 - 0 0 3  

2 9 9 .   0 . 0 0 3  
0.003 
0.003 

3 1 6 .  0.003 

319 



TURBO A L T E R N A T O R   R O T O R   P O S I T I O N   T E S T   D A T A   R E D U C T I O N  

R E D U C T I O N   O F   T E S T   D A T A .   C O N F I G U R A T I O N  C 

C A L C U L A T E D   D A T A  

R U N   P L N E  H V DH DV E D E   E R E L  A DA  AREL  ROTN 
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2 6 5 .  
2 6 7 .  
2 6 8 .  
2 7 1 .  
2 6 3 .  
2 6 4 .  
2 6 6 .  
2 6 8 .  
2 7 1 .  
2 6 5 .  
2 6 6 .  
2 6 7 .  
2 6 9 .  
2 7 1 .  
2.65 rn 

2 6 6 .  
2 6 8 .  
2 7 0 .  
2 7 3 .  

DA 

0 .  

0 .  

-0 

1. 

- 1  

1. 

1. 

3 .  

1 .  

2 .  

0 .  

1 .  

-1 0 

'1 . 
1. 

1- 
1. 

3 .  

A R E L   R O T N  

0 0 0 5  
180. 0.005 

0.005 
0 .005  

180. 0.005 
0 0 0 0 6  

2 6 3 .   0 . 0 0 6  
0 .006  
0 0 0 0 6  

2 8 4 .   0 . 0 0 6  
0 0 0 0 5  

2 5 4 .   0 . 0 0 5  
0 . 0 0 5  
0 - 0 0 5  

2 8 3 .   0 0 0 0 5  
0 . 0 0 5  

2 7 6 .   0 . 0 0 5  
0 . 0 0 5  
0 .005  

3 0 5 .   0 0 0 0 5  
0.005 

2 7 7 .   0 . 0 0 5  
0 . 0 0 5  
0 .005  

2 9 5 .   0 . 0 0 5  
0 0 0 0 5  

2 6 8 .  0 0 0 0 5  
0.005 
0 0 0 0 5  

2 8 5 .   0 . 0 0 5  
0 . 0 0 4  

2 0 5 .   0 . 0 0 4  
0 . 0 0 4  
0 . 0 0 4  

2 8 3 .   0 . 0 0 4  
0 . 0 0 6  

2 7 0 .   0 . 0 0 6  
0 006 
0 . 0 0 6  

2 8 4 .   0 . 0 0 6  
0 0 0 6  

2 7 1 . .   0 - 0 0 6  
0 . 0 0 6  
0w006 

2 9 3 .   0 . 0 0 6  

323 



T U R B O   A L T E R N A T O R   R O T O R   P O S I T I O N   T E S T   D A T A   R E D U C T I O N  

R E D U C T I O N  O F  T E S T   D A T A .   C O N F I G U R A T I O N  D 

C A L C U L A T E D   D A T A  

R U N   P L N E  H 
0 0 6.88 

1 1  1 
11 2 6.80 
1 1  3 
1 1  4 
1 1  5 5.94 

7 1  
7 2 6 .81  
7 3  
7 4  
7 5 5 . 8 7 .  
8 1  
8 2 6 .84  
8 3  
8 4  
8 5 5.99 
9 1  
9 2 6.79 
9 3  
9 4  
9 5 5.87 

1 0  1 
1 0  2 6.79 
1c 3 
1 0 4 
12  5 5.90 
1 2  1 
1 2  2 6.85 
12  3 
1 2  4 
1 2  5 5 - 9 7  
2 6  1 

2 6  3 
2 6  4 
26 5 5.96 
3 0  1 
3 0  2 6.82 
30 3 
3 0  4 

3 4  1 
3 4  2 6 .86 
3 4  3 
3 4  4 
3 4  5 5.86 

2 6  2 6 - 9 9  

3 0  5 5.88 

V 
7.14 

7.06 

4.44 

7.07 

4.37 

7 .10  

4.41) 

7.05 

4.37 

7 .36  

4.40 

7 .11  

4.47 

7.16 

4.46 

7.08 

4.38 

7 .12  

4.36 

D H  
6.01 
0.24 
0.16 
0.09 
0.04 

-0.03 
0.40 
0.27 
0.15 
0.06 

-0.05 
0.38 
0 .24  
0.12 
0.03 

-0.09 
0.2c 
0.11 
0.03 

-0.03 
-0.10 

0.35 
0.23 
0 .11  
0.02 

-0.09 
0 .44  
0 .29  
0.16 
0.06 

-0.06 
0 . 4 4  
0.30 
0.16 
0.07 

-0.05 
0.39 
0.26 
0.14 
0.05 

-0.06 
0.35 
0.22 
0.11 
0.02 

-0.09 

DV 
4.51' 

-3.59 
-3.10 
-2  e63 
-2  30 
-1.87 
-4.07 
-3.45 
-2.88 
- 2  0 4 6  
-1  093 
-4.01 
-3.42 
-2.87 
-2.47 
-1.97 
-3.85 
-3.31 
-2.81 
-2 - 4 5  
-1  098 
-3.95 
- 3 . 3 8  

- 2   - 4 6  
-1.97 
-3.71 
-3.20 
-2 . 7 3  
-2.38 
-1.95 
-3.72 
-3.20 
-2 0 7 2  
-2.38 
-1.93 
-4.30 
-3.63 
-3.01 
-2.56 
-1.99 
-4.26 
- 3 0 6 1  
.-3.00 
-2 5 7  
-2.01 

-2.84 

E 

3.60 
3 - 1 0  
2.64 
2. 30 
1.87 
4.09 
3.46 
2.88 
2.46 
1.93 
4.02 
3.42 
2.87 
2.47 
1.97 
3.86 
3 . 3 1  
2.81 
2.45 
1.98 
3.36 
3.38 
2.84 
2.46 
1.97 
3.74 
3.22 
2.73 
2.39 
1.95 
3.74 
3.22 
2.73 
2.38 
1.93 
4 . 3 2  
3.64 
3.01 
2.56 
1.99 
4.27 
3.61 
3.00 
2.57 
2.01 

D E   E R E L  

0.00 0.00 

0.00 0.00 

0.36 0.37 

0.06  0.06 

0.32  0.33 

0.10 0.11  

0.21 0.22 

0 .11  0.13 

0.28 0.29 

0.10 0.11 

0.11 0.17 

0.07 0.08 

0.12 0.17 

0.06 0.06 

0.54 0.54 

0.11 0.12 

0.51 0.51 

0 .14  0 . 1 5  

A 

2 6 6  
2 6 7 .  
2 6 8 .  
2 6 9 .  
2 7 1 .  
2 6 4 .  
2 6 6 .  
2 6 7 .  
2 6 9 .  
2 7 2 .  
2 6 5 .  
2 6 6 .  
2 6 8 .  
2 6 9 .  
2 7 3 .  
2 6 7 .  
2 6 8 .  
2 6 9 .  
2 7 1 .  
2 7 3 .  
2 6 5 .  
266.  
2 6 8 .  
2 6 9 .  
2 7 3 .  
2 6 3 .  
2 6 5 .  
2 6 7 .  
2 6 9 .  
2 7 2 .  
2 6 3 .  
265.  
2 6 7 .  
2 6 8 .  
2 7 1 .  
2 6 5 .  
2 6 6 .  
2 6 7 .  
2 6 9 .  
272. 
2 6 5 .  
2 6 6  
2 6 8 .  
270. 
2 7 2 .  

DA 

0. 

9. 

-1 0 

1.  

-1 

2 .  

1 .  

2. 

-1 . 
2. 

-2 0 

1. 

-2 

0.  

-1 . 
1. 

-1 . 
2. 

A R E L   R O T N  

0.005 
180.   0 .005 

0.005 
0.005 

1 8 0 .   0 . 0 0 5  
0 0 0 6  

254 .   0 .006  
0 e 0 0 6  
0.006 

290 .   0 .006  
0.006 

255 .   0 .006  
0 006  
0 0 0 6  

300 .   0 .006  
0.005 

283. 0 0 0 0 5  
0.005 
0.005 

304.  0.005 
0.005 

257 .   0 .005  
0.005 
0.005 

3 0 0 .  0.005 
0.005 

219 .   0 .005  
0.005 
0.005 

2 9 2 .  0.005 
0 0 0 5  

219 .   0 .005  
0.005 
0.005 

2 8 6 .  0.005 
0.006 

2 6 0 .  0.006 
U.006 
0.006 

2 8 5 .  0.006 
0.006 

263. 0.006 
0 006 
0.006 

2 9 2 .  0.006 

32 4 



T U R B O   A L T E R N A T O R   R C T O R   P O S I T I O K   T E S T   D A T A   R E D U C T I O N  

R E D U C T I O N  OF T E S T   D A T A .   C O N F I G U R A T I O N  D 

R U N   P L N E  H 
C C 6.88 

15 1 
15 2 7.20 
15 3 
15 4 
15 5 6.21 
1 :? 1 
13 2 7.32 
13 3 
13 I+ 

13 5 6.22 
14 1 
14 2 7028 
14 3 
14 4 
14 5 6.22 
16 1 

16 3 
16 4 
16 5 6.15 
17 1 
17 2 7 . 2 5  
17 3 
17 4 
17 5 6.13 
18 1 
18 2 7.19 
1 0  3 
1 0  4 
le 5 6.11 
27 1 

27 3 
27 4 

3 1  1 
31 2 7.26 
3: 3 
31 4 
3 1  5 6023 
35  1 
35 2 7.17 
35 3 
35 4 
35 5 6.07 

16 Z 7.26 

27 2 7.32 

27 5 6.14 

C A L C U L A T E D   D A T A  

V DH D V  
7.14  6.01 4.51 

0.52  -3.70 
7.55  9.32  -3.18 

0.15  -2.73 
0.02  -2.36 

4.71 -0.14 -1.92 
0.71  -4.66 

7.58 0.47 -3.00 
0.25  -3.16 
0.1C -2.64 

4.72  -0.11  -1.97 
0.86  -4.47 

7.54  0.57 -3074 
C.30 -3.05 
0.10 -2.56 

4.72 -0.15 -1.93 
0.54 -4.11 

7.52 0.35 -3.50 
C.16  -2.9? 
0.33 -2.52 

4.65  -0.14  -1.99 
0.72  -4.56 

7.51 0 .48  -3.82 
0.26 -3.14 
0 . 1 C  -2.64 

4.43  -0.11 -2.01 
0.64  -4.62 

7.45  C.42  -3.07 
0.21  -3.18 
0 .05  -2068 

4.61 -0 .14  -2.03 
0.63  -4.49 

7.50  0.41  -3.78 
3 . 2 1  -3.11 
0.07  -2.64 

4.64  -0.12  -2.02 
0.70 -4082 

7.52 9-41 -4.05 
0.14 -3.33 

-0.05 -2.81 
4.72  -0.30 -2.15 

0.60  -4.75 
7.43  0.44  -3.96 

,0020 -3.24 
0.03 -2071 

4.57  -0.19 -2.0't 

E 

3.73 
3.20 
2.71 
2.36 
1.92 
4.72 
3.91 
3-17 
2 -64 
1.97 
4.56 
3.78 
3.07 
2.56 
1.93 
4.1 4 
3.51 
2.93 
2.52 
2 . O C  
4.61 
3.85 
3-15 
2.65 
2.02 
4-66 
3.90 
3. l e  
2.68 

4.53 
3.80 
3.12 
2; 6 4 
2.03 
4.67 
4.07 
3.33 
2.81 
2.17 
4.80 
3.99 
3.24. 
2.71 
2.05 

2.04 

DE E R E L  

0.00 0.00 

0.00 0.00 

0.72 0.72 

0.05 0.06 

0.58 Ow61 

0.01 0.01 

0.31 0.31 

0.08 0.08 

0.65 0.66 

0 . 0 9  0.10 

0.70 0070 

c.12 0.12 

C.60 0.60 

0.10 0.11 

0.87 0087 

0.25 0.28 

c.79 0.79 

0.12 0.13 

A I 

262. 
264. 
267. 
270. 
274. 
261 
263. 
265. 
268. 
273. 
259. 
261. 
2640 
268. 
275. 
262. 
264. 
267. 
269. 
274. 
2610 
2630 
265. 
268. 
273. 
262. 
264. 
266. 
269. 
274. 
262. 
264. 
266. 
269. 
273. 
262. 
264- 
268. 
271. 
278. 
262. 
264. 
266. 
269- 
275. 

)A A R E L   R O T N  

0.005 
0. 180. 0.005 

0 005 
0.005 '3. 180. 0 - 0 0 5  
0-007 

-1 -  258. 0.007 
0.007 
0.007 

-1. 234. 08007 
0.007 

-3- 246.  0.007 
0.007 
0.007 

9. 315. 0.007 
0 006 

0 .  266. 0-006 
0.006 
0.006 

-0 0 263.  0.006 
0.007 

-1. 257.  0.007 
0.037 
0 e 007 

-1. 250.  0.007 
0.007 

-0. 262. 0.007 
0.007 
0 e 007 

-1. 265.  0.007 
0.007 

- 0 .  262. 0.007 
05007 
0.007 

-1. 257.  0.007 
0.008 

-0 264. 00008 
0.000 
0.000 

4. 303. 0.008 
0.008 

0.008 
0.008 

1. 289. 0 - 0 0 8  

- 0 .  262. 0 . 0 0 ~ 1  



TURBO  ALTERNATOR  ROTOR P O S I T I O N   T E S T   D A T A   R E D U C T I O N  

REDUCTION O F  TEST  DATA.  CONFIGURATION D 

CALCULATED  DATA 

RUN  PLNE H v DH  DV E DE EREL A 
0 0  

2.3 1 
2 3  2 
2 3  3 
2 3  4 
23 5 
19 1 
19 2 
19 3 
19 4 
19 5 
20 1 
20 2 
20 3 
20 4 
20 5 
2 1  1 
2 1  2 
2 1  3 
2 1  4 
2 1  5 
2 2  1 
2 2  2 
2 2  3 
2 2  4 
2 2  5 
24 1 
24 2 
24 3 
24 4 
24 5 
28 1 
28 2 
28 3 
28 4 
28 5 
3 2  1 
3 2  2 
3 2  3 
3 2  4 
3 2  5 
36 1 
36 2 
36 3 
36 4 
36 5 

6.88 

7.34 

6.30 

7.21 

6. 1 3  

7.24 

6.17 

7.23 

6.16 

7.27 

6.24 

7.35 

6.28 

7.35 

6.20 

7.22 

6.09 

7.21 

6.02 

7.14  6.01 4.51 
0.46  -3.93 

7.60  0.27 -3.35 
0.10  -2.81 

-0.03  -2.42 
4.80  -0.19  -1.92 

0.63  -4.71 
7.47  0.40  -3.94 

0.19  -3.23 
0.04  -2.71 

4.63  -0.15  -2.05 
0.58  -4.68 

7.50  0.37  -3.92 
0.17 -3.21 
0.03 -2.70 

4.67  -0.15  -2.05 
0.46  -4.33 

7.49  0.26  -3.68 
0.08 -3.08 

-0.06 -2064 
4.66  -0.23 -2009 

0.63  -4.58 
7.53 0.40 -3.84 

0.18  -3.16 
0.02 -2.67 

4.74  -0.18  -2.04 
0.78  -4.82 

7.61  0.51  -4.03 
0.25  -3.29 
0.06  -2.76 

4.78 -0.17 -2.08 
0.61  -4.67 

7.61 0.38 -3.92 
0.17 -3.23 
0.01  -2.73 

4.70  -0.18  -2.08 
0.62  -5.08 

7.48  0.39  -4.23 
0.18  -3.44 
0.03  -2.87 

4.59  -0.16  -2.14 
0.63 -5010 

7.47  0.40  -4.23 
0.18 -3.42 
0.02  -2.83 

4.52  -0.18  -2.08 

3.95 
3.36 
2.81 
2.42 
1.93 
4.75 
3.96 
3.23 
2.71 
2.06 
4.71 
3.94 
3.22 
2.70 
2.06 
4.36 
3.69 
3.08 
2-69 
2.10 
4.62 
3.86 
3; 16 
2.67 
2.04 
4.88 
4.06 
3-30 
2.76 
2-09 
4.70 
3.94 
3.23 
2-73 
2 0.9 
5.12 
4.25 
3.45 
2.87 
2.15 
5.14 
4.25 
3.42 
2.83 
2.09 

~ 

0.00 

0.00 

0.61 

0.13 

0.58 

0.13 

0.34 

0.17 

0.51 

0.12 

0.70 

0.16 

0.58 

0.17 

0.89 

0.22 

0.89 

0.16 

~~ 

0.00 

0.00 

0.61 

0.14 

0.58 

0.14 

0.34 

0.17 

0.51 

0.12 

0.72 

0.  16 

0.58 

0.17 

0.90 

0.23 

0.89 

0.16 

263. 
265. 
268. 
271. 
276. 
262. 
264. 
267. 
269. 
274. 
263. 
265. 
267. 
269. 
274. 
264. 
266. 
269. 
271. 
276. 
262. 
264. 
267. 
269. 
275. 
261. 
263. 
266. 
269. 
275. 
263. 
264. 
267. 
270. 
275. 
263. 
265. 
267. 
269. 
274. 
263. 
265. 
267. 
270. 
275. 

DA 

0.  

0. 

-1 

-1 . 
-1 . 
-1 . 
1. 

1. 

-1 . 
-1 . 
-2 . 
-1 . 
-1 . 
-1 . 
-1 . 
-1 . 
-1 . 
-1 . 

AREL  ROTN 

0 006 
180. 0.006 

0.006 
0.006 

180.  0.006 
0.007 

258- 0.007 
0.007 
0.007 

256. 0.007 
0.007 

260.  0.007 
0 007 
0.007 

255. 0.007 
0 006 

272- 0.006 
0 006 
0. 006 

2850 0.006 
0.007 

256. 0.007 
0.001 
0.007 

265.  0.007 
0.008 

251. 0.008 
0.008 
0.008 

265. 0.008 
0.007 

260. 0.007 
0.007 
0.007 

269.  0.007 
o.ooa 

262. o.ooa 
0.008 

263. 0.008 
o.ooa 
o.ooa 

0.008 

262. 0.008 

0.008 
269. 0.008 
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TURRO ALTERNATOR ROTOR P O S I T I O N   T E S T  DATA  REDUCTION 

REDUCTION OF T E S T  DATA-  CONFIGURATION E 

CALCULATED  DATA 

RUN  PLNE H 
0 0 6-80 
3 1  
3 2 6-78 
3 3  
3 4  
3 ' 5  5.85 
1 1  
1 2 6.77 
1 3  
1 4  
1 5 5r86 
2 1  
2 2 6.78 
2 3  
2 4  
2 5 5.87 
4 1  
4 2 6.75 
4 3  
4 4  

5 1  
5 2 6.83 
5 3  
5 4  
5 5 5.90 
6 1  

6 3  
6 4  
6 5 5.81 

2 5  1 

2 5  3 
2 5  4 

29 1 

29 3 
29 4 
29 5 5.77 
3 3  1 
3 3  2 6.78 
3 3  3 
3 3  4 
3 3  5 5-85 

4 5 5082 

6 2 6084 

2 5  2 6.91 

2 5  5 5.81 

29 2 6.85 

V DH  DV 
7-14  6-01  4-51 

0-20 -3.27 
7-04 0.12 -2.85 

Q-05  -2-46 
-0.01 -2-17 

4.35 -0.08 -1.81 
0-28 -3-56 

7-04 0.19 -3-07 
0.10 -2.61 
0.04 -2.28 

4-36 -0.03 -1-86 
0-29 -3.55 

7.04  0.18 -3008 
0-08 -2-64 
0 - 8 0  -2.32 

4.37  -0.09  -1.92 
0-17 -3.52 

7.01  0.09  -3.04 
0.02  -2.60 

-0.03 -2.28 
4.32  -0.09  -1.87 

0.29  -3.87 
7.09  0.20  -3.29 

0.11  -2.75 
0.05 -2.36 

4.40  -0.03 -1-86 
0-09 -3.98 

7.10  0.07  -3.36 
0.05  -2.77 
0.03 -2.35 

4.31 0 .02  -1.81 
0.32  -3.76 

7.17  0.23  -3.20 
6.15  -2.67 
0.09 -2-39 

4.31 0.02 "1.81 
0.26  -3.98 

7.11 0.17  -3.37 
0.09 - 2 - 8 0  
0.04  -2.39 

4.27 -0-04 -1.86 
0-22 -4.02 

7.04  0.12 -3-42 
0.03 -2-86 

-0.- 0 3 -2 0 4 5 
4.35  -0.12  -1.94 

E DE 

3-27 
2.85  0.00 
.2 46 
2.17 
1-81 0.00 
3.57 
3-08 0.23 
2-61 
2-28 
1-86 0.05 
3.56 
3-06 0.23 
2.64 
2.32 
1-92 0-10 
3 - 5 2  
3.34 0.19 
2.69 
2.28 
1.87 0006 
3.88 
3.30  0.45 
2-75 
2.36 
1.86 0.05 
3.99 
3036 0.51 
2.77 
2.35 
1.81 -0.01 
3.78 
3.21 0.36 
2.68 
2.30 
1e.81 -0.00 
3.99 
3.37  0.52 
2.80 
2.39 
1.86  0.04 
4-02 
3.42  0.57 
2-86 
2.46 
1.94  0.13 

EREL 

0.00 

0.00 

0-23 

0.06 

0.24 

0.10- 

0.20 

0.05 

0.45 

0.06 

0.51 

0.09 

0.37 

0-09 

0.52 

0-06 

0-57 

0013 

A 

266 
268- 
269. 
270- 
272- 
266. 
267- 
268- 
269. 
271-  
265. 
267. 
268. 
270. 
273- 
267. 
268. 
269. 
271. 
273. 
266. 
267. 
268. 
269. 
271. 
269. 
269. 
269. 
269. 
269. 
265. 
266. 
267. 
268. 
270- 
266 
267. 
268. 
269- 
271. 
267. 
268- 
269. 
271- 
273- 

DA 

0 .  

0. 

-1 . 
-1 0 

- 1  0 

0.  

1. 

0 .  

-1. 

-1 .  

1. 

-3. 

-2 0 

-3. 

-0 

-1 

0. 

1. 

AREL  ROTN 

0-004 
180- 0-004 

0-004 
0-004 

180- 0.004 
0.005 

254. 0-005 
0 005 
0.005 

230. 0.005 
0 e 004 

257. Om004 
0 004 
0 004 

279.  0.004 
0.004 

278.  0.004 
3.004 
0 004 

285.  0.004 
0.005 

261.  0.005 
0 . 0 0 5  
0.005 

228. 0.005 
0-006 

276. 00006 
0.006 
0-006 

177. Om006 
08005 

252. 0.005 
0 005 
0.005 

179- 0 .005  
0 006 

264q 0.006 
0-006 
0 006 

230- 0.006 
0-006 

270. 0-006 
0-006 
0-006 

289. 0-006 

327 



TURBO  ALTERNATOR ROTOR POSIT ION  TEST  DATA  REDUCTION 

REDUCTION OF TEST  DATA.  CONFIGURATION E 

CALCULATED  DATA 

RUN  PLNE H 
0 0 6.88 

11 1 
11 2 6.85 
1 1  3 
11 4 
11 5 5.91 

7 1  
7 2 6.77 
7 3  
7 4  
7 5 5.88 
8 1  
8 2 6.85 
8 3  
8 4  
8 5 5 - 9 0  
9 1  
9 2 6 0 8 3  
9 3  
9 4  

10 1 
10 2 6.83 
10 3 
10 4 
1 0  5 5.86 
1 2  1 
1 2  2 6 - 8 7  
1 2  3 
1 2  4 
1 2  5 5 .94 
2 6  1 
2 6  2 6 - 9 3  
2 6  3 
2 6  4 
2 6  5 5.83 
3 0  1 

3 0  3 
3 0  4 
3 0  5 5 - 7 9  
3 4  1 
3 4  2 6 - 7 9  
3 4  3 
3 4  4 
3 4  5 5 - 8 2  

9 5 5.88 

3 0  2 6 .84  

V DH DV 
7.14   6 .01  4 - 5 1  

0.23 - 3 0 5 6  
7.11 0.17 -3.03 

0.11 -2.54 
0.06 -2.19 

4.41 0.00 -1.74 
0.27 -4.03 

7.03  0 .19 -3.41 
0.12 -2.83 
0.06 -2.41 

4.37 -0.01 -1.88 
0.40 - 4 0 0 8  

7 .11   0 .29  -3.43 
0.19 -2.82 
0.11 - 2 i 3 8  

4.40  0 .01 -1.82 
0 .22  -3.93 

7.09  0 .13 -3.35 
0 .04  -2.81 

-0 .02 -2.42 
4.38 -0.10 -1.93 

@ e 2 8  -3.96 
7.09  0 .19 - 3 . 3 5  

0.10 -2.79 
0 . 0 0 4  -2.39 

4.36  -0.04 -1.87 
0.38 -4.02 

7.13  0.27 -3.39 
0.16 -2.81 
0.08 -2.39 

4.43  -G.02 -1.85 
0.29 - 4 0 1 1  

7 .19  0.21 - 3 0 4 5  
3 - 1 3  -2 .84  
0.07 - 2 0 4 0  

4.33 -0.00 -1.83 
0.27 -4.23 

7.10 0.18 -3.59 
0.09 -2.99 ' 

0 - 0 3  -2.56 
4.28  -0 .05 -2.00 

0.19 -4.17 
7.05 0.11 -3 .54 

0 .04  -2.95 
-0.02 -2.53 

4.32  -0.09 -1.99 

E 

3.57 
3 - 0 4  
2.55 
2.19 
1 e 7 4  
4.04 
3.41 
2.83 
2.41 
1.88 
4.10 
3.44 
2.82 
2.38 
1.82 
3.94 
3.35 
2.81 
2.42 
1.93 
3.97 
3.36 
2.79 
2.39 
1.87 
4.04 
3.40 
2.81 
2.39 
1.85 
4.12 
3.46 
2.84 
2.40 
1: 8 3 
4 6 2 4  
3.59 
2.99 
2.56 
2 0.0 0 
4.17 
3.54 
2 - 9 5  
2 - 5 3  
1.99 

DE  EREL 

0.00 0.00 

0.00 0 .00  

0 - 3 7  0.37 

0 . 1 4   0 - 1 4  

0.40  0.41 

0.08 0 0 0 8  

0.32  0.32 

0.19 0.21 

0.32  0.32 

0.13 0.13 

0.36 0.37 

0.11 0.11 

0.42 0.42 

0.09 0.09 

0.55  0.55 

0.26  0.27 

0 .50   0051  

0.25  0.27 

A 

2 6 6 .  
2 6 7 .  
2 6 8 -  
2 6 8 .  
2 7 0 .  
2 6 6 0  
2 6 7 .  
2 6 8 .  
2 6 9 .  
2 7 0 -  
2 6 4 .  
2 6 5 0  
2 6 6  
2 6 7 .  
2 7 0 .  
2 6 7 .  
2 6 8 .  
2 6 9 .  
2 7 0 .  
2 7 3 .  
2 6 6  
2 6 7 .  
2 6 8 .  
2 6 9 .  
2 7 1 .  
265 
2 6 5 .  
2 6 7 .  
2 6 8 -  
2 7 1 .  
2 6 6 .  
2 6 7 .  
2 6 7 .  
2 6 8 .  
2 7 0 .  
2 6 6  
2 6 7 .  
2 6 8 .  
2 6 9 .  
272. 
2 6 7 .  
2 6 8 .  
2 6 9 .  
2 7 0 .  
2 7 2 .  

DA 

0. 

0 .  

-0 e 

0.  

- 2  . 
-0 0 

1. 

3 .  

-0 .  

1 .  

-1 e 

1. 

-0 0 

0 .  

0 .  

2 .  

1. 

3. 

AREL  ROTN 

0.005 
180. 0.005 

0 0 0 0 5  
0.005 

180. 0.005 
0 .006 

2 6 7 .   0 . 0 0 6  
0 0 0 6  
0 .006 ,, 

2 7 5 .   0 0 0 0 6  
0.006 

2 5 3 .   0 . 0 0 6  
0 .006 
0.006 

2 6 5 .   0 . 0 0 6  
0.005 

277 .   0 .005  
0.005 
0-005 

300 .   0 .005  
0 0 0 6  

2 6 6 .   0 . 0 0 6  
0.006 
0.006 

2 8 9 .   0 . 0 0 6  
0.006 

2 5 4 .   0 . 0 0 6  
0.006 
0.006 

2 8 3 .  0.006 
0 006 

264.   0 .006 
0.006 
0.006 

2 7 6 .  0.006 
0.006 

2 6 9 .  0.006 
0 e 006 
0 006 

2 8 2 .  0 .006 
0 e 006 

2 7 6 .  O e 0 0 6  
0 e 006 0. 001 

.290. O e O O L  

32 8 



i 
TURBO  ALTERNATOR ROTOR POSIT ION  TEST  DATA  REDUCTION 

REDUCTION,OF  TEST  DATA.   CONFIGURATION E 

CALCULATED  DATA 

RUN  PLNE H  V OH DV E DE EREL A DA AREL  ROTN 
0 0  

15  1 
15  2 
15  3 
15  4 
15  5 
1 3  1 
13  2 
13  3 
13  4 
13  5 
1 4  1 
14  2 
14  3 
1 4  4 
1 4  5 
16  1 
16  2 
16  3 
16 4 
16 5 
17  1 
17  2 
17  3 
17  4 
17  5 
18  1 
18  2 
18  3 
18  4 
18  5 
27  1 
27  2 
27  3 
27  4 
27  5 
31  1 
31  2 
3 1  3 
31  4 
31  5 
35  1 
35 2 
35  3 
35 4 
35  5 

6.88 

7.24 

6.24 

7 .  17 

6.26 

7.19 

6.25 

7 .  20 

6.19 

7 .  19 

6 .  16 

7 .  18 

6.14 

7 .  17 

6 .   2 4  

7.09 

6.13 

7.09 

6.14 

7.14  6.01  4.51 
0.57  -3.59 

7.50  0.37  -3.09 
0.20  -2.63 
0.07  -2.29 

4.74 -0.10  -1.86 
0.85  -4.32 

7.43 0.57 -3.64 
0.31  -3.01 
0.13  -2.55 

4.76  -0.11 -1.97 
0.81  -4.19 

7.45  0.55  -3.55 
0.30 -2.94 
0.12  -2.51 

4.75  -0.10 -1.96 
0 - 3 9  -3.56 

7.46  0.24  -3.11 
0.10 -2.68 

-0.00 -2.37 
4.68  -0.13 -1 -98  

0 6 4  -4. 42  
7.45  0.42  -3.72 

0.22 -3.07 
0.08 -2.60 

4.66 -0.11  -2.00 
0.50  -4.55 

7 - 4 4  0.32  -3.82 
0.15  -3.14 
0.03  -2.65 

4.63  -0.13  -2.02 
0.53  -2.55 

7.43  0.32  -2.40 
0.13  -2.26 

-0.01  -2.16 
4.73  -0.18  -2.03 

0.61  -4.58 
7.35  0.41  -3.84 

0.23  -3015 
0.09  -2.65 

4.63  -0.07  -2.01 
0.44  -4.41 

7.35  0.28  -3.73 
0.14  -3.10 
0.04  -2.65 

4.64 -0.09 -2.07 

3.64 
3 .1 i  
2.63 
2.29 
1.86 
4 .   40  
3.68 
3.02 
2.55 
1.97 
4.27 
3.59 
2.96 
2.51 
1.96 
3.58 
3.11 
2.68 
2.37 
1.99 
4.47 
3.75 
3.08 
2.60 
2.00 
4 - 5 8  
3.83 
3.14 
2.65 
2.02 
2 - 6 1  
2.42 
2.26 
2.16 

.2.04 
'4.62 
3.86 
3 - 1 6  
2.65 
2.c1 
4.43 
3.74 
3.11 
2.65 
2.07 

0.00 

0.00 

0.57 

0.10 

0 047 

0.09 

-0.00 

0.12 

0.63 

0.14 

0.72 

0. 16 

-0 6 9  

0.17 

0.75 

0.15 

0.63 

0.21 

0.00 

0.00 

0.58 

0.10 

0.49 

0.09 

0.14 

0.13 

0.63 

0.14 

0.73 

0.16 

0.69 

0.19 

0.75 

0.15 

0.65 

0.21 

261. 
263 .  
266. 
268 .  
273. 
259. 
261. 
264. 
267. 
273. 
259 .  
261. 
264 .  
267 .  
273 .  
264 .  
266. 
268. 
270 .  
274. 
262 .  
264. 
266 .  
268. 
273 .  
264 .  
265. 
267. 
269 .  
274 .  
258 .  
262. 
267. 
270 .  
275. 
262. 
264 .  
266 .  
268 .  
272. 
264. 
266. 
267 .  
269. 
273. 

0. 

0.  

-2 . 
0. 

-2 . 
0.  

3 .  

1 .  

0 .  

0. 

2 .  

1 .  

-1 . 
2. 

1.  

-1 . 
3 .  

-0.. 

0.00 1 
180.  0.005\ 

0 005  
0 0 0 5  

180 .  0.005 
0.007 

250 .  0.007 ,/ 
0.007 
0.007 

2 7 5 d 0 0 7  
0.006 

249.  0.006 
0.006 
0.006 

274.  0.006 
0.004 

354 .  0.004 
0 0 0 4  
0.004 

287.  0.004 
0.007 

266.  0.007 
0.007 
0.007 

2 7 5 -  0.007 
0.007 

274.  0.007 
(2-007 
0.007 

2 8 2 .  0.007 
0.002 

860  0.092 
0 . 0 0 2  
0.002 

297.  0.002 
0.007 

267.  0.007 
0.007 
0.007 

2 6 1 .  0.007 
0 0 006 

278.  0.006 
0 006  
0.006 

269 .  0.006 

329 
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TURBO  ALTERNATOR ROTOR P O S I T I O N   T E S T  DATA  REDUCTION 

REDUCTION OF TEST  DATA.  CONFIGURATION E 

CALCULATED  DATA 

RUN  PCNE H V OH DV E DE  EREL A 
0 0  

23 1 
23 2 
2 3  3 
23 4 
23 5 
19 1 
19 2 
19 3 
19 4 
19 5 
20 1 
22, 2 
20 3 
20 4 
20 5 
2 1  1 
2 1  2 
2 1  3 
2 1  4 
2 1  5 
2 2  1 
2 2  2 
2 2  3 
2 2  4 
2 2  5 
24 1 
24 2 
24 3 
24 4 
24 5 
28 1 
28 2 

28 4 
28 5 

28 3 

32 1 
32 2 
3 2  3 
32 4 
32 5 
36 1 
36 2 
36 3 
36 4 
36 5 

6.88 

7.20 

6.24 

7015 

6 0  14 

7.17 

6-18 

7.15 

6.  16 

7. 18 

6.19 

7.23 

6.27 

7.23 

6.25 

7.09 

6.13 

7. 14 

6.10 

7-14 6.01  4.51 
0.37  -3.85 

7046 0.24 -3027 
0.11 -2074 

4073  -0009  -1086 
0.02 - 2 0 3 5  

0.52 -4059 
7.41 0.35 -3084 

0.19 -3.15 
0007 -2-66 

4-63 -0.08 -2.02 

7.43  0.33  -3.81 

4.68  -0.13  -1.98 
0.40  -4.18 

0.52  -4.55 

0.15 -3.12 
0003 -2.62 

7-41 0.22  -3.57 
0.06  -2.99 

-0.05  -2.58 
4.66  -0.20  -2.04 

0.41  -4.41 
7.44 0025 -3.71 

0.11 -3.06 
-0.00 -2.59 

4.69 -0014 -1.98 
0.59 -4045 

7.49  0.39  -3.76 
0019 -3.12 
0.06  -2.65 

4.76  -0.12 -2006 
0042 -4.45 

7.49  0.27 -3076 
0.13 -3.11 
0.03  -2.64 

4.74  -0.10 -2004 
0.56  -4.71 

7.35  0.35  -3.96 
0.15 -3.25 
0.01  -2.75 

4063 -0.17  -2.10 
0.48  -4.68 

7.40  0.30 -3.95 
0.13 -30.27 
0.01 -2.79 

4.60 -0014 -2.16 

3-87 
3-28 
2.74 
2.35 
1 .a6 
4.62 
3.86 
3016 
Z066 
2.02 
4.58 
3-82 

1.98 

3.12 
2.62 

40 20 
3057 
2.99 
2.58 
2.05 
4.43 
3072 
3006 
2.59 

4.49 

3.12 
2.65 
2.06 
4.47 
3.77 
3 - 1 1  
2. 6 4  
2.04 
4.74 
31.97 
3.26 
2.75 
2.11 
40  70 
3.96 

r.99 

3-78 

3.28 
2079 
2.17 

0000 

0.00 

0.58 

0.16 

0.54 

0.12 

0029 

0.19 

0.44 

0013 

0.50 

0.20 

0.48 

0.18 

0.69 

0.25 

0.68 

0.31 

0.00 

0.00 

0.58 

0.16 

0. 54 

0.13 

0.29 

0.22 

0.44 

0.14 

0.51 

0.21 

0.48 

0.18 

0.69 

0.26 

0.68 

0.31 

264. 
2660 
268. 
269. 
273s 
263. 
265. 
267. 
2690 
272. 
2640 
265. 
267. 
2690 
274. 
265. 
266. 
2690 
271. 
276 
265 
266. 
268. 
270. 
274. 
262. 
264. 
266 
269. 
273- 
265. 
266 
268. 
269. 
273. 
263 o 
265 
267. 
270. 
275- 
264. 
266. 
268. 
270 
274. 

DA 

0. 

0. 

-1 

-0 

-1 0 

1. 

1. 

3. 

0. 

1. 

-2 0 

1. 

0. 

0. 

-1 0 

2. 

-0 . 
1. 

AREL  ROTN 

0.005 
180. 00005 

180. 0.005 

0.005 
0.005 

0 007 
259.  0.007 

00007 
0.007 

267. 0.007 
00007 

260.  0.007 
00007 
0.007 

288. 0.007 
00006 

2730 0.006 
0 e 006 
0.006 

300.  0.006 
0.007 

268.  0.007 

289. 0.007 

0.007 
0 o 007 

0.007 
253.  0.007 

0.007 
0.007 

278.  0.007 
0.007 

266.  0.007 
00007 
0.007 

2730  0-007 
0 007 

261. 0.007 
0 007 
0 007 

288:  0.007 
0.007 

265. 0.007 
0.007 
0.007 

260. 0.007 



TURBO  ALTERNATOR  ROTOR  POSITION  TEST  DATA  REDUCTION 

REDUCTION OF TEST DATA. CONFIGURATION F 

CALCULATED  DATA 

RUN  PLNE H V DH UV E DE EREL A DA  AREL  HOTN 
0 0  
3 1  
3 2  
3 3  
3 4  
3 5  
1 1  
1 2  
1 3  
1 4  
1 5  
2 1  
2 2  
2 3  
2 4  
2 5  
4 1  
4 2  
4 3  
4 4  
4 5  
5 1  
5 2  
5 3  
5 4  
5 5  
6 1  
6 2  
6 3  
6 4  
6 5  

2 5  1 
2 5  2 
2 5  3 
2 5  4 
2 5  5 
33 1 
33 2 
33 3 
33 4 
33 5 

6.88 

6.77 

5.82 

6. 79 

5-86 

6.77 

5.82 

6.76 

5.78 

6.91 

5.95 

6.83 

5.84 

6.91 

5.86 

6.82 

5.77 

7.14  6.01  4.51 
0.29  -4.82 

7-03 0.17  -4.18 
0.07  -3.59 

-0.01 -3017 
4.32  -0.10  -2.62 

0043 -5.09 
7005 0.28  -4.41 

0.14  -3.78 
0.04 -3032 

4035 -0.09  -2.74 
0.38 -5008 

7.03  0.24  -4.39 
0.11  -3.75 
0.02 -3029 

4-32 -0.10  -2.70 
0.33  -4.95 

7.02  0.19 -4028 
0.06  -3.65 

-0004 -3.20 
4.28  -0.15  -2.62 

0.62 -5045 
7.17  0.40  -4.69 

0.20  -3.99 
G o 0 5  -3.48 

4.45  -0.14 -2083 
0.55 -5.35 

7.69  0.36  -4.62 
0.18  -3.93 
0.05  -3.44 

4.34  -0.12  -2.80 
0.61  "5.37 

7-17 0.40  -4.59 
0.20  -3.86 
0.05 -3.33 

4.36 -0.14 -2065 
0.43  -5.61 

7.08  0.25  -4.76 
0.09  -3.98 

-0.03  -3.42 
4.27  -0.18  -2.69 

4.83 
4-19 
3.59 
3.17 
2.62 
5.11 
4.42 
3.78 
3-32 
2074 
5.09 
4.40 
3.75 
3.29 
2-70 
4-96 
4.28 
3.65 
3.20 
2.63 
5.48 
4071 
3.99 
3.48 
2.84 
5.38 
4.63 
3094 
3.44 
2.81 
5.41 
4061 
3.86 
3.33 
2 -66 
5.62 
4.77 
3.38 
3042 
2 070 

0.09 

0.00 

0.24 

0.12 

0.21 

0.08 

0.1c 

0.01 

0 0 5 2  

0.21 

0 044 

0.19 

0.42 

0.04 

0.59 

0.08 

0.00 

0.00 

0.25 

0.12 

0.22 

0.08 

0.10 

0.05 

0.56 

0.22 

0.47 

0.19 

0.46 

0.05 

0.59 

0.11 

267. 
268. 
269. 
270 o 

272. 
265. 
266. 
268. 
2690 
272 
266. 
267. 
266. 
270. 
272. 
266. 
267. 
269. 
271. 
273. 
263. 
265. 
267. 
2690 
273. 
264. 
266. 
267. 
269. 
272. 
263. 
265. 
267. 
2690 
273. 
266. 
267. 
269 o 
271. 
274. 

0.006 
00 180. 0.006 

0-006 
9 006 

0 .  180.  0.006 
0.006 

-1. 246. 00006 
0 0 005 
0.006 

-0 264. 0.006 
0.006 

-1 252. O.OC6 
0 006 
0.006 

-0. 269. 00006 
0 006 

-0 0 262. 0-005 
0.006 
0 006 

10 355. 00006 
0.007 

-30 246.  0.007 
0.007 
0.007 

1 -  2800 0.007 
0.007 

-20 247.  0.007 
0.007 
0.007 

0 .  275. 0.007 
0.007 

-3. 2410 0.007 
0.007 
0 007 

-1. 315. OeOO7 
0 0 008 

-1 D 263. 0.008 
0.008 
0-008 

2. 3180 00008 

331 



TURBO  ALTERNATOR  ROTOR P O S I T I O N   T E S T  DATA  REDUCTION 

REDUCTION OF TEST DATA.  CONFIGURATION F 

CALCULATED  DATA 

RUN  PLNE H V DH  DV E DE EREL A 
0 0  

1 1  1 
1 1  2 
11  3 
11  4 
11  5 

7 1  
7 2  
7 3  
7 4  
7 5  
8 1  
8 2  
8 3  
8 4  
8 5  
9 1  
9 2  
9 3  
9 4  
9 5  

l G  1 
16 2 
10  3 
10  4 
10 5 
12  1 
12 2 
12  3 
12  4 
12 5 
26  1 
26 2 
26  3 
26  4 
26  5 
3 4  1 
34  2 
3 4  3 
3 4  4 
3 4  5 

6.88 

6.83 

5 - 8 9  

6 - 8 7  

5.84 

6 - 8 5  

5 - 8 5  

6 .   7 6  

5.88 

6.79 

5.84 

6 0   8 6  

5.92 

6.95 

5.79 

6 - 8 2  

5.71 

7.14  6.01 4.51 
0.40 -5.07 

7 - 0 9  0.24 -4.40 
0.08 -3.78 

-0.03 -3.34 
4.39  -0.17 -2.77 

0.37 -5.48 
7.13 0 0 2 0  -4.71 

0.04 -3.99 
-0.07 -3 -47  

4.3’4 -0.21 -2.81 
0.54 -5.45 

7.11  0.34 -4.69 

0.01  -3.47 

0.36 -5.17 
7.02  0.19  -4.49 

0..14 -3.98 

4.35  -0.17  -2.81 

0.02 -3.87 
-0.10 -3.42 

4.37 -0.25 -2.84 
0.46 -5.29 

7.05 0.28 -4.57 
0.11 -3.90 

-0.01 -3.42 
4.34  -0.16 -2.81 

0.52 -5.51 
7.12 0.33 -4.75 

0.15 -4.04 
0.02 -3.54 

0.53  -5.71 
4.42  -0.15 - 2 . 8 8  

7 0 2 1  0.35  -4.85 
0.19 -4.04 
0.08 -3.46 

4-25’  -0.07 - 2 0 7 2  
0.42 -5.69 

7 - 0 8  0.25 -4.82 
0.09 -4.01 

-0.03 -3.43 
4.21  -0.17 -2.68 

5 - 0 8  
4.41 
3.79 
3.34 
2.77 
5.49 
4.71 
3.99 
3.47 
2.82 
5 - 4 8  
4 .   7 0  
3.98 
3.47 
2.82 
5 - 1 8  

3.87 
4.50 

3 0 4 2  
2.85 
5.31 
4.58 
3.91 
3.42 

5.54 
4.76 
4.05 
3.54 
2.89 
5.74 

4.05 
3.. 46 
2. 7 2  

2 - 8 1  

4 - 8 6  

5 0 7 0  
4.82 
4 - 0 1  
3.43 
2.69 

0.00 

0.00 

0.30 

0.04 

0.29 

0 0 0 4  

0.09 

0.08 

0.17 

0.04 

0.35 

0.11 

0.45 

-0 06 

0.42 

-0.09 

0.00 

0.00 

0.31 

0.06 

0.31 

0.04 

0.11 

0.11 

0.18 

0 0 0 4  

0.36 

0.12 

0.46 

0.11 

0.42 

0.09 

265. 
267. 
269. 
270. 
2730  
266. 
268. 
2690 
271. 
274. 
264. 
266. 
268. 
270. 
273. 
266. 
268. 
270. 
272. 
275 
265. 
266 .  
268. 
270. 
273. 
265. 
266. 
268. 
270. 
273. 
265. 
266. 
267. 
269. 
272. 
2660  
267. 
269 .  
270. 
274. 

DA 

0. 

0 .  

1 .  

1.  

-1 . 
00 

1. 

1 .  

-0 . 
-0 . 
-1 . 
-0 . 
-1 . 
-2 . 
0. 

0. 

AREL  HOTN 

0 006 
180.  0.006 

0.006 
0 006  

180.  0.006 
0.007 

277 .  0.007 
0.007 
0.007 

319 .  0.007 
0.007 

251.  0.007 
0.007 
0.007 

276.  0.007 
0.006 

299.  0.006 
0.006 
0.006 

317 .  0.006 
0.007 

255 .  0.007 
0.007 
0.007 

266 .  0.007 
g0007 

255 .  0.007 
0.007 
0.007 

262 .  0.007 
0 . 0 0 8  

255.  0.008 
0 . 008 
0.008 

151. 0.008 
0.008 

268 .  0.008 
0.008 
0.008 

85, 0a008 
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TURBO  ALTERNATOR  ROTOR POSITION  TEST  DATA  REDUCTION 

REDUCTION OF TEST DATA. CONFIGURATION F 

CALCULATED  DATA 

RUN PLNE n V DH  DV E DE EREL A 
0 0  

15 1 
15 2 
1 5  3 
1 5  4 
1 5  5 
13 1 
13 2 
13 3 
13 4 
13 5 
14 1 
14 2 
14 3 
14 4 
14 5 
16 1 
16 2 
16 3 

' 16 4 
16 5 
17 1 
17 2 
17 3 
17 4 
17 5 
18 1 
18 2 
18 3 
18 4 
18 5 
27 1 
27 2 
27 3 
27 4 
27 5 
3 1  1 
3 1  2 
3 1  3 
3.1 4 
3 1  5 
3 5  1 
3 5  2 
3 5  3 
3 5  4 
3 5  5 

6.88 

7.07 

5.98 

7.11 

5.99 

7.08 

5.99 

7.05 

5.97 

6.95 

5.50 

7.10 

5.88 

7.13 

5.94 

7.14 

5.94 

7.02 

5.91 

7.14  6.01  4.51 
0.15 -3.33 

7.33  0.08 -2.93 
0.01 -2.55 

-0.04  -2.28 
4.48  -0.10  -1.94 

'2.16 -3.43 
7.37 0.10 -3.02 

'2.04 -2.65 
-0.00 -2.38 

4.49  -0.06  -2.03 
0.14  -3.62 

7.34  0.07  -3.16 
3.00 -2.73 

-0.04  -2.43 
4.49  -0.11  -2.03 

-0.03  -3.37 
7.31  -0.09  -2.96 

-0.14  -2.59 
-0.17 -2.31 

4.47  -0.22  -1.97 
0.34  -3.61 

7.21 0.20 -3.14 
C.06  -2.71 

-0.03 -2.39 
4040 -0.16  -1.99 

0.38  -4.45 
7.36  0.23  -3.74 

0.09  -3.09 
-0.01 -2.52 

4038 -0.14  -2.01 
0.17  -4.09 

7.39  0.08  -3.49 
-0 0 1 -2 0 94 
-0.07  -2.54 

4.44  -0.15  -2.03 
0.17  -4.47 

7.40  0.06  -3.79 
-3.03 -3.15 
-0.10 -2.70 

4.44  -0.19 -2.11 
0.15  -4.18 

7.28  0.06  -3.56 
-0.02 -2.98 
-0.08  -2.57 

4.40  -0.16  -2.03 

3.33 
2.93 
2.55 
2.28 
1.94 
3.43 
3.03 
2.65 
2.38 
2.03 
3.62 
3.16 
2.73 
2.43 
2.03 
3.37 
2.97 
2-59 
2.32 
1.98 
3.63 
3.15 
2.71 
2.39 
1.99 
4.46 
3.75 
3.09 
2.62 
2.01 
4.09 
3 . 4.9 
2.94 
2.54 
2.04 
4.47 
3.79 
3.15 
2.70 
2.12 
4018 
3.56 
2.98 
2.57 
2.04 

0.00 

0.00 

0.10 

0.09 

0 2.3 

0.99 

0.04 

0.04 

0.22 

0.05 

0.82 

0007 

0.57 

0.09 

0.86 

0.18 

0.63 

0.10 

0.00 

0.00 

0.10 

0.10 

0.23 

0.09 

0017 

0.12 

0.25 

0.07 

0.83 

0.08 

3.57 

0.10 

0.86 

0019 

0.63 

0.11 

267- 
268. 
270. 
271. 
273. 
267. 
268. 
269. 
270. 
272. 
268. 
269. 
270. 
271. 
273. 
271. 
272. 
273. 
274. 
276. 
265. 
266. 
269. 
271. 
275. 
265- 
266. 
268. 
270. 
274. 
268. 
269. 
270. 
272. 
274. 
268. 
269. 
2710 
272. 
275. 
268. 
269. 
270. 
272. 
274. 

DA 

0. 

0.  

-0 . 
-1 0 

0. 

-0 . 
3. 

3. 

-2 

2. 

-2 . 
1. 

9. 

1. 

1. 

2 .  

'1 . 
1. 

AREL ROTN 

0 004 
180. 0.004 

0 904 
0 004 

180.  0.004 
0 004 

26C. 0.004 
0-004 
0 004 

244.  0.004 
0 004 

272.  0.004 
0.000 
0 O O L  

273 0' 0 O C 4  
0.004 

347. OeOC4 
0.404 
0.004 

348.  0.004 
0-004 

241.  0.004 
0.004 
0 004 

319. 0.004 
0.007 

259 .  0.007 
0.007 
0 007 

296.  0.007 
0 006 

270.  0.006 
0.006 
0 006 

300. 0.006 
0.006 

271.  0.006 
0 006 
0.006 

298. 00006 
0.006 

271.  0.006 
0.006 
0.006 

302.  0.006 
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TURBO ALTERNATOR ROTOR P O S I T I O N  T E S T  DATA  REDUCTION 

REDUCTION OF T E S T  DATA.  CONFIGURATION F 

CALCULATED  DATA 

RUN  PLNE H V OH DV E DE  EREL A 
6.88  7.14  6.01  4.51 3 0  

23 1 
2 3  2 
2 3  3 
23 4 
23 5 
19 1 
19 2 
19 3 

' 19 4 
19 5 
20 1 
20 2 
20 3 
20 4 
20 5 
2 1  1 
21- 2 
2 1  3 
21 4 
IS.1 5 
2 2  1 
2 2  2 
2 2  3 
2 2  4 
2 2  5 
24 1 
24 2 
24 3 
24 4 
24 5 
28 1 
28 2 
28 3 
28 4 
28 5 

7.10 

5.97 

7006 

5086 

7. 10 

5 - 6 8  

7.11 

5.87 

7.08 

5091 

7.13 

6.02 

7.13 

6.00 

~~ 

~ -0.08 -3.95 
7.36 .-0.08 -3.41 

-0.08 -2.91 
-0.08 -2.55 

4.46 -0.08 -20'29 
0.18 -4-31 

7.32 0.08 -3.65 
-0.01 -3004 
-0.07  -2.60 

4.36  -0.16  -2.03 
0.21  -4.37 

7036 0.11  -3.69 
0.02  -3.05 

-0.05  -2.60 
4038 -0.14  -2.01 

-0.12  -4.14 
7.37 -0.15 -3.53 

-0.17  -2.97 
-0019 -2.56 

4.37  -0.21  -2.04 
0.04 -4021 

7.34  G.01 -3061 
-0002  -3005 
-0.04  -2.64 

4.41 -0.07 -2012 
0.12  -4.23 

7.39  0.07 -3067 
0.03 -3.14 

-0.00 -2.76 
4.52 -0.05 -2.28 

0007 -4.41 
7039 0.02 -3.78 

-0.03 -3019 
-0007 -2076 

4.50 -0.12 -2.21 

(, 

3095 
3.41 0.00 
2091 
2.56 
2.10 0.00 
4.32 
3066 0.24 
3.04 
2.60 
2.04 -0.06 
4.37 
3.69 0.28 
3.05 
2.60 
2.01 -0.08 
4.14 
3.54  0.12 
2.97 
2.47 
2-05 -0.04 
4021 
3.61  0.20 
3.05 
2.64 
2 0 1 2  0.03 
4.23 
3.67 0025 
3.14 
2.76 
2.28 0.18 
4.41 
3078 0.36 
3.19 
2.76 
2 0 2 2  0.12 

0.00 

0.oc 

0.29 

0.10 

0.33 

0.10 

0.14 

0.14 

0.22 

0.03 

00 30 

0.19 

0.38 

0.13 

271. 
271. 
272. 
272. 
272. 
268. 
269. 
270 D 

2 72. 
2740 
2670 
268. 
270. 
271. 
274. 
272. 
272. 
273. 
274. 
276. 
2690 
270. 
270. 
271. 
272. 
268. 
269. 
269. 
270. 
271. 
269. 
270. 
271. 
271. 
273. 

DA 

0 .  

0 .  

-3. 

2 .  

-3 o 

2. 

1. 

4. 

-1 . 
-0 

-2 0 

-1 0 

-2 . 
1. 

AREL  ROTN 

00005 
1801 0.005 

0.005 
0.005 

1806 0.005 
0.006 

2360 0.006 
0 006 
0.006 

40. 0-006 
0.006 

236. 0.006 
0 006 
0.006 

59. 0.006 
00006 

2990 0.006 
0.006 
0.006 

22. 0.006 
0.006 

246. 0.006 
00006 
0 006 

0 a 0 0 5  
239. 0.005 

0 005 
0.005 

259. 00005 I * 0.006 ; 255. 00006 
00006 
0 006 

2 8 6 .  0.006 

249. o0OO6 
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